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ABSTRACT 
 Programmed cell death (PCD) and removal of cell corpses are important 
processes in animal development and homeostasis. Typically, engulfment of cell corpses 
is performed by professional phagocytes, such as macrophages. In tissues with limited 
accessibility to circulating cells, engulfment is carried out by neighboring non-
professional phagocytes, such as epithelial cells. Compared to professional phagocytosis, 
the mechanisms that govern non-professional phagocytosis are not well characterized. 
The Drosophila ovary provides a powerful in vivo model for the study of PCD and 
engulfment by non-professional phagocytes. This dissertation identifies genetic pathways 
that govern non-professional phagocytosis during starvation-induced PCD and elucidates 
the major mechanism promoting non-apoptotic developmental PCD. 
 During mid-oogenesis, germline nurse cells can be induced to die by starvation 
and their remnants are engulfed by surrounding epithelial follicle cells. We show that the 
engulfment receptor Draper is enriched and required in engulfing follicle cells. 
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Additionally, we demonstrate that the JNK pathway is activated by Draper and required 
in engulfing follicle cells. Overexpression of Draper or the JNK pathway is sufficient to 
induce death of the germline, suggesting that there is coordination between the germline 
and follicular epithelium to promote cell death. Furthermore, activation of JNK bypasses 
the need for Draper in engulfment. These data demonstrate that JNK and Draper are 
crucial regulators of engulfment by non-professional phagocytes.  
 During late oogenesis, nurse cells transfer their contents into the oocyte and 
undergo developmental PCD. Disruption of apoptosis or autophagy only partially inhibits 
PCD, indicating that other mechanisms contribute to the process. We demonstrate that the 
large-scale non-apoptotic developmental PCD in the Drosophila ovary occurs by a novel 
cell death program where follicle cells non-autonomously promote death of the germline. 
The phagocytic machinery of follicle cells, including Draper, JNK, and Ced-12, is 
essential for death and removal of nurse cells. Cell death events including acidification, 
nuclear envelope permeabilization, and DNA fragmentation are impaired when 
phagocytosis genes are inhibited. Moreover, elimination of a subset of follicle cells 
prevents nurse cell death and cytoplasmic dumping. Developmental PCD in the 
Drosophila ovary is an intriguing example of non-apoptotic, non-autonomous PCD, 
providing insight on the diversity of cell death mechanisms.  
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CHAPTER ONE 
Introduction (Portions	  of	  this	  chapter	  were	  previously	  published	  in	  
	  Jenkins	  et	  al.	  2013	  and	  Timmons	  et	  al.	  2013)	  
 
1.1 Overview of programmed cell death  	   Programmed cell death (PCD) is a widespread and essential process in animal 
development and tissue homeostasis which ensures that aged, damaged, or excess cells 
are eliminated. A crucial step in the cell death process is the rapid and selective removal 
of dying cells via phagocytosis (also known as engulfment or efferocytosis). PCD refers 
to any cell death that is controlled or regulated (Jacobson et al., 1997; Fuchs and Steller, 
2011). Importantly, misregulation of PCD or engulfment has been implicated in human 
diseases including cancer, neurodegeneration, and autoimmune diseases (Elliott and 
Ravichandran, 2010; Fuchs and Steller, 2011). There are three major forms of PCD that 
are distinguished on the basis of morphological, biochemical and genetic characteristics: 
apoptosis, autophagic cell death, and necrosis. However, extensive research in recent 
decades has revealed that PCD is complex. To date, at least a dozen distinct cell death 
modalities have been described that may be autonomously and/or non-autonomously 
initiated (Kroemer et al., 2009; Galluzzi et al., 2012). This chapter will introduce PCD 
and engulfment and demonstrate how the Drosophila ovary can be used as a model to 
investigate the mechanisms of cell death programs, as well as engulfment.   
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1.2 Major forms of programmed cell death  
1.2.1 Apoptosis 
 Apoptosis is a mode of programmed cell death characterized by nuclear 
condensation and fragmentation, a reduction in cellular volume, and plasma membrane 
blebbing (Kerr et al., 1972; Kroemer et al., 2009). A wide range of physiological and 
environmental stimuli can induce apoptosis including oxidative stress, DNA damage, 
starvation, and developmental signals (Galluzzi et al., 2012). Since it was first described 
by Kerr, Wyllie, and Currie in 1972, apoptosis has been a significant research focus in 
laboratories worldwide. 
 An important step in apoptosis is the activation of caspases, a family of cysteine 
aspartyl proteases that execute apoptosis by specifically cleaving proteins to dismantle 
and demolish the cell. Caspases are ubiquitously present with little to no protease 
activity. In healthy cells, inhibitors of apoptosis (IAP) proteins directly bind and inhibit 
caspases. Once a cell has committed to apoptosis, IAP proteins are inactivated by IAP 
antagonist proteins (such as Reaper, Hid, and Grim (RHG) in Drosophila) that are 
induced in response to death signals. When inhibition of caspases by IAPs is relieved, 
they become activated via cleavage at specific aspartic residues. Initiator caspases 
activate effector caspases, leading to the destruction of the cell (Figure 1.1) The final step 
in apoptosis is removal of cell corpses via engulfment (Taylor et al., 2008; Fuchs and 
Steller, 2011).   
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1.2.2 Autophagic cell death 
  Autophagy is an evolutionarily conserved intracellular degradation system that 
delivers cellular contents to the lysosomes. Under normal conditions, basal levels of 
autophagy allow for turnover of old or damaged organelles and proteins. Double 
membrane structures surround cellular contents, forming an autophagosome. The 
autophagosome fuses with lysosomes, forming an autolysosome, where its contents are 
degraded by lysosomal machinery (Baehrecke, 2005; Kroemer et al., 2009; Nelson and 
Baehrecke, 2014). In response to stress (such as nutrient deprivation), the activation of 
autophagy allows cells to consume itself for energy, increasing the likelihood of survival. 
Therefore, a major role for autophagy is promoting cell survival (Baehrecke, 2005; 
Mevorach et al., 2010) 
 Interestingly, autophagy has also been shown to promote cell death. For example, 
autophagic cell death occurs in the Drosophila midgut and salivary gland during the 
transition from larval to pupal stages of development (Berry and Baehrecke, 2007; 
Denton et al., 2009). Interestingly, autophagic cell death and apoptosis function in 
parallel to promote death and removal of the larval salivary gland (Berry and Baehrecke, 
2007; Nelson and Baehrecke, 2014). Removal of cells that have died via autophagic cell 
death is thought to occur independently of phagocytosis (Kroemer et al., 2009; Nelson 
and Baehrecke, 2014). Compared to autophagy, the genes and mechanisms that regulate 
autophagic cell death are less understood. Overall, autophagy is a dynamic process that 
promotes cellular survival and cell death during animal development, tissue homeostasis, 
and disease.   
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1.2.3 Necrosis 
 Necrosis is a form of cell death characterized by cytoplasmic and organelle 
swelling, and eventual plasma membrane rupture (Kroemer et al., 2009). Historically, 
necrosis was described as accidental death resulting from noxious stimuli with no 
apparent role in the control of cell populations (Kerr et al., 1972; Golstein and Kroemer, 
2007; Kroemer et al., 2009; McCall, 2010). However, research from recent decades has 
challenged this view by demonstrating that necrosis can be affected by genetic and 
chemical manipulations and that it proceeds through a series of morphological, 
biochemical, and molecular events, suggesting that necrosis can be highly regulated 
(Golstein and Kroemer, 2007; Kroemer et al., 2009; McCall, 2010).  
 Cells undergoing necrosis progress through a general series of morphological 
events. The first indications of necrosis are organelle swelling and the appearance of 
clumped chromatin in the nucleus, followed by cellular swelling and rupture of the 
plasma membrane. In addition to the morphological features that define necrosis, there 
are several intracellular events associated with necrotic cell death including increased 
reactive oxygen species (ROS), ATP depletion, and increased cytosolic Ca2+ (Festjens et 
al., 2006; Golstein and Kroemer, 2007; McCall, 2010). The chronology of biochemical 
events occurring during necrosis remains unclear. Although necrosis was the first term 
used to describe cell death, it is arguably the least understood. Since necrosis is 
implicated in many human diseases, including heart disease and neurodegenerative 
disorders, it is important to work towards a better understanding of the characteristics, 
events, and mechanisms of necrosis (McCall, 2010).   
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 The complex genetic regulation of necrosis is beginning to be defined in several 
model organisms. In Drosophila, influx of calcium has been reported to activate a 
signaling cascade that promotes neuronal necrosis in the eye (Liu et al., 2014). Necrosis 
has been well documented during infection and disease, but whether it occurs during 
development remains unknown (McCall, 2010). Although significant progress has been 
made in defining necrosis as a form of PCD, further studies are required to elucidate the 
mechanisms of necrosis during disease and development.   
 
1.3 Non-autonomous programmed cell death 
 Historically, PCD has been widely considered a self-regulated, autonomous 
suicide program in which a cell controls its own demise. However, non-cell autonomous 
PCD is an alternative cell death pathway in which a cell or group of cells extrinsically 
promotes the death of another cell. Fas-mediated cell death is a well-characterized 
example of non-autonomous PCD in mammals that is important for cell death related to 
immunity. One cell expressing the transmembrane Fas-ligand (FasL) activates the 
intrinsic apoptotic machinery of a target cell that expresses the Fas receptor (Ashkenazi 
and Dixit, 1998; Krammer, 1998). The Fas ligand is a member of the tumor necrosis 
factor (TNF) superfamily that participates in diverse biological processes. TNF has also 
been shown to act as a long range death signal released from apoptotic cells to induce 
apoptosis elsewhere in the same tissue (apoptosis-induced-apoptosis), demonstrating that 
apoptotic cells themselves can non-autonomously coordinate communal PCD (Perez-
Garijo et al., 2013).  
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 Another intriguing example of non-cell autonomous PCD is entosis (also referred 
to as “cell-in-cell” or “cell cannibalism”). During entosis, a viable cell becomes detatched 
from the extracellular matrix (ECM) and invades another cell, where it is degraded by the 
lysosomes (Overholtzer et al., 2007). Entosis is distinct from anoikis, a cell death 
program in which detachment from the ECM triggers apoptosis, as entosis occurs 
independently of caspases. Occasionally, internalized cells remain viable and can divide 
inside the engulfing cell and/or be released (Overholtzer et al., 2007; Galluzzi et al., 
2012). Interestingly, cell-in-cell structures are frequently observed in tumors and are 
proposed to act as tumor suppressors in some contexts and as tumor accelerators in 
others. Therefore, understanding the role of entosis in tumor biology could have 
therapeutic implications (Kroemer and Perfettini, 2014)  
 Phagoptosis (or primary phagocytosis) is an example of non-autonomous PCD in 
which an engulfing cell directly causes the death of another cell. Rather than simply 
degrading a cell that died via another mechanism, the engulfing cell plays an active role 
in the death of a cell via “murder” or “assisted suicide”. The defining characteristic of 
phagoptosis is that there is a failure in cell death when phagocytosis is inhibited (Brown 
and Neher, 2012). For example, activated microglia have been shown to phagocytose 
viable neurons, resulting in their destruction (Neher et al., 2011; Brown and Neher, 
2012). During development in C. elegans, loss of function mutants of the engulfment 
receptor ced-1, prevented the death of cells that were otherwise programmed to die, 
suggesting that phagocytosis may contribute to developmental cell death. However, 
mutations in the apoptotic gene, ced-3 also resulted in enhanced cell survival. Combined 
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inhibition of phagocytosis and apoptosis led to an increase in the number of surviving 
cells, suggesting that apoptosis and phagoptosis cooperate to promote developmental 
PCD in C. elegans (Hoeppner et al., 2001; Reddien et al., 2001).  	  
1.4 Overview of engulfment 
 The final step in PCD is the selective removal of dying cells, a process known as 
engulfment or efferocytosis (Lauber et al., 2004; Elliott and Ravichandran, 2010). 
Importantly, when dying cells are not removed, cell corpses proceed to secondary 
necrosis. The release of intracellular contents from secondarily necrotic cells can result in 
an inflammatory response that leads to autoimmunity. Indeed, defective engulfment has 
been implicated in diseases including lupus, chronic obstructive pulmonary disease 
(COPD), and macular degeneration (Nandrot et al., 2008; Elliott and Ravichandran, 
2010).  
 The engulfment of cell corpses is generally executed by professional phagocytes, 
such as macrophages. Interestingly, in the absence of professional phagocytes, adjacent 
cells such as epithelial cells can transition to the role of non-professional phagocytes and 
remove cell corpses (Mangahas and Zhou, 2005; Fullard et al., 2009). C. elegans lack 
professional phagocytes, thus the removal of dying cells is completed by non-
professional phagocytes . In mammals and Drosophila, cell corpse clearance is carried 
out by both professional and non-professional phagocytes (Kinchen, 2010). For example, 
the Drosophila ovary is closed to circulating macrophages and non-professional 
engulfment of the dying germline is completed by neighboring epithelial follicle cells 
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(King, 1970; Giorgi and Deri, 1976). In the mammalian mammary gland, milk-secreting 
alveolar cells undergo apoptosis following the cessation of lactation, and are engulfed by 
non-professional mammary epithelial cells (Monks et al., 2008). In another example of 
non-professional phagocytosis in mammals, the retinal pigment epithelial (RPE) cells 
engulf photoreceptor outer segments (POS) that are shed on a daily basis. Defects in 
engulfment of POS by RPE cells have been implicated in diseases such as retinitis 
pigmentosa and age-related macular degeneration (Nandrot, 2014). Although there are 
many examples of non-professional phagocytosis, the mechanisms were not well 
characterized.   
 The engulfment process can be subdivided into the following steps: (1) 
recruitment of the phagocyte to the site of death, (2) recognition/binding of the dying cell 
by the phagocyte, (3) internalization of the cell corpse, and (4) degradation of the cell 
corpse (Figure 1.2) (Ravichandran and Lorenz, 2007). 
 
1.4.1 Recruitment of engulfing cells: find-me signals  
 Chemotactic factors known as “find-me” signals are released from the dying cell 
in order to recruit the professional phagocytes to the site of death (Chekeni and 
Ravichandran, 2011). Some of the known find-me signals in mammals include the 
nucleotides ATP and UTP, as well as the chemokine fractalkine (CX3XL1) (Elliott et al., 
2009; Chekeni and Ravichandran, 2011). Disruption of the nucleotide find-me signal in 
apoptotic thymocytes results in an accumulation of cell corpses in the mouse thymus, 
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suggesting that the find-me signal is required for engulfment in this system (Elliott et al., 
2009).  
 In systems where apoptotic cells are engulfed by neighboring non-professional 
phagocytes, it is unknown whether find-me signals are released and/or necessary for 
engulfment (Ravichandran, 2010). Furthermore, find-me signals have not been identified 
in Drosophila. One possibility is that find-me signals in systems with non-professional 
engulfment activate or prime phagocytes by upregulating engulfment machinery.  
 
1.4.2 Recognition of the dying cell by the phagocyte: eat-me signals 
 After the phagocyte has been recruited to the site of death, the next step in 
engulfment is the exposure of eat-me signals on the dying cell and recognition by the 
phagocyte. Multiple eat-me signals have been identified in apoptotic cells including 
phosphatidylserine (PS), calreticulin, changes in charge, and changes in glycosylation 
patterns. Among the eat-me signals identified, the transient exposure of PS on the plasma 
membrane is the most universally observed change on the surface of apoptotic cells.  
 In mammals, multiple receptors and bridging molecules have been identified on 
the phagocyte that directly and indirectly recognize eat-me signals (Fullard et al., 2009; 
Ravichandran, 2010). Importantly, recognition of a dying cell by the phagocyte triggers 
an intracellular cascade of events allowing for internalization of the dying cell. 
Interestingly, phagocytic cells can modulate their response to apoptotic cells and ability 
to process corpses. In C. elegans, the engulfment receptor CED-1 becomes enriched on 
membranes surrounding cell corpses (Zhou et al., 2001). In mammals, the receptor 
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MerTK increases in mammary epithelial efferocytes (Sandahl et al., 2010). Likewise in 
Drosophila, the engulfment receptor Draper increases dramatically on glial membranes 
surrounding severed axons (MacDonald et al., 2006), presumably to increase phagocytic 
capability. Thus, altering phagocytic capability appears to be a conserved trait of 
phagocytes, but how this is accomplished is not well understood. 
 
1.4.3 Corpse processing 
 Once apoptotic cells have been recognized and internalized, the next step in 
engulfment is the processing and degradation of the cell corpses. Following 
internalization, the cell corpse is contained within a structure called a phagosome. 
Phagosomes fuse with early endosomes and mature to become late endosomes. Late 
endosomes fuse with lysosomes, ultimately forming phagolysosomes. Each of these 
structures is increasingly acidic, ultimately leading to the degradation of the cell corpse 
(Zhou and Yu, 2008). 
 
1.5 Overview of engulfment in Drosophila  
 Genetic studies in C. elegans have identified two partially redundant signaling 
pathways that control engulfment: the ced-1, 6, 7 and ced-2, 5, 12 pathways (Figure 1.3, 
Table 1.1). The ced-1, 6, 7 and ced-2, 5, 12 pathways act in parallel to promote the 
activation of CED-10, a Rac GTPase responsible for cytoskeletal rearrangements that 
allow for internalization of the cell corpse. Mutations in ced-1, 2, 5, 6, 7, 10, and 12 result 
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in an accumulation of cell corpses in C. elegans (Reddien and Horvitz, 2004; Mangahas 
and Zhou, 2005; Fullard et al., 2009). 
 In Drosophila, the role of the ced-1, 6, 7 and ced-2, 5, 12 pathways appear to be 
conserved (Figure 1.3). The CED-1 ortholog, Draper, is a transmembrane protein that 
localizes to the surface of the engulfing cell and acts as a receptor to recognize dying 
cells. Draper was first shown to be required for the engulfment of apoptotic neurons in 
the embryonic central nervous system with mutants displaying lingering cell corpses 
(Freeman et al., 2003). Additionally, Draper has been shown to be important in several 
other contexts including the engulfment of severed axons, necrotic cells, bacteria, 
imaginal disc cells, and hemocytes (Manaka et al., 2004; MacDonald et al., 2006; Li and 
Baker, 2007; Cuttell et al., 2008). CED-6 is an adaptor protein that interacts with Draper 
and has been shown to be important for engulfment in Drosophila (Awasaki et al., 2006; 
Cuttell et al., 2008; Kuraishi et al., 2009). CED-7 is an ABC transporter protein that is 
required in both the dying cell and the engulfing cell (Kinchen, 2010). However, there is 
no apparent ortholog of CED-7 in Drosophila. In addition to Draper, other engulfment 
receptors include Croquemort (Franc et al., 1999) and integrins (Nagaosa et al., 2011; 
Nonaka et al., 2013). 
 In Drosophila embryos, PS has been reported to act as a Draper ligand/eat-me 
signal (Tung et al., 2013), but whether Draper mediated engulfment is PS-dependent is 
under debate (Manaka et al., 2004; Kuraishi et al., 2009). Another reported ligand for 
Draper is Pretaporter, an endoplasmic reticulum (ER) protein that was identified as a 
ligand for Draper during engulfment of apoptotic cells in Drosophila embryos. 
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Pretaporter localizes to the cell surface during apoptosis and null mutants displayed 
reduced levels of engulfment (Kuraishi et al., 2009). It is likely that the ligand/eat-me 
signal for Draper is context dependent.  
 In addition, Draper activity has been shown to be dependent on the non-receptor 
tyrosine kinase Shark, which binds Draper on its intracellular domain. The interaction 
between Shark and Draper requires phosphorylation of Draper by Src42A, which 
ultimately leads to downstream phagocytic signaling (Ziegenfuss et al., 2008). 
Furthermore, other proteins that may cooperate with Draper during engulfment include 
Six Microns Under (SIMU) and Undertaker (Cuttell et al., 2008; Kurant et al., 2008). 
 The CED-2, 5, 12 pathway also has a conserved role in engulfment in C. elegans 
and mammals. CED-12 (Drosophila: Ced-12, mammals: ELMO) and CED-5 
(Drosophila: Myoblast City, mammals: Dock180) act as a guanine nucleotide exchange 
factor (GEF) to activate the GTPase, Rac1 (Reddien and Horvitz, 2000; Kinchen and 
Ravichandran, 2007). Rac1 promotes cytoskeletal rearrangements that allow for the 
internalization of the dying cell. CED-2 (Drosophila: Crk, mammals: CrkII) is an adaptor 
protein that physically interacts with CED-5 and localizes CED-5/CED-12 to the 
membrane in order to activate Rac1 (Reddien and Horvitz, 2000; Kinchen, 2010 ). 
Similar to Myoblast City (CED-5/Dock180), Sponge is a member of the DOCK family 
proteins that has also been shown to bind Ced-12 and act as a GEF to activate Rac1 
(Eguchi et al., 2013), although a role for Sponge during engulfment has not been 
demonstrated. The upstream activators of the CED-2, 5, 12 pathway are largely unknown, 
although it has been proposed that integrins activate the pathway (Hsu and Wu, 2010). To 
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date, the CED-2, 5, 12 pathway has not been well characterized during engulfment in 
Drosophila (Kinchen, 2010). At the time we began this work, the genetic mechanisms 
that regulate non-professional engulfment in the Drosophila ovary were completely 
uncharacterized.    	  
1.6 The JNK signaling pathway 
 Mitogen-activated protein (MAP) kinase signaling pathways respond to signals 
from a diverse range of environmental and developmental stimuli, resulting in many 
biological outcomes including cell death, morphogenesis, cell proliferation, 
differentiation, and cell survival (Igaki, 2009; Biteau et al., 2010). One example of a 
MAPK signaling pathway is the c-Jun-N-terminal kinase (JNK) pathway, an evolutionary 
conserved kinase cascade. The core JNK pathway involves the sequential 
phosphorylation of a series of kinases: JNK Kinase Kinase (JNKKK) phosphorylates 
JNK Kinase (JNKK), which phosphorylates JNK (Figure 1.4). JNK phosphorylates 
downstream target genes leading to a cellular response.  
 The ancient role of the JNK pathway is as a stress detector and responder (Rios-
Barrera and Riesgo-Escovar, 2013). The JNK pathway is activated by stressors including 
heat, DNA damage, reactive oxygen species, UV irradiation, and bacterial antigens 
(Biteau et al., 2010). One example of the JNK pathway functioning in response to stress 
is wound healing in Drosophila (Stronach, 2005). Besides its role as a stress mediator, 
the JNK pathway is essential for several morphogenetic events during development. In 
Drosophila, the JNK pathway is essential for dorsal closure, pupal thoracic closure, and 
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genital disc rotation closure (Rios-Barrera and Riesgo-Escovar, 2013 ). Additionally, the 
JNK pathway is essential for the morphogenesis of the dorsal appendages during 
Drosophila oogenesis (Suzanne et al., 2001).     
 In mammals there are three JNK proteins, encoded by jnk1, jnk2, and jnk3, with 
increasing complexity upstream (Igaki, 2009). However the JNK pathway is simplified in 
Drosophila, which has only one JNK protein encoded by the gene basket. Basket 
activates the transcription factor AP-1, a heterodimer comprised of Jun-related antigen 
(Jra) (mammals: Jun), and Kayak (mammals: Fos) (Figure 1. 4). A scaffold protein CKA 
(Connector of Kinase to AP-1), forms a complex with Basket/Hemipterous, and Jra 
/Kayak to facilitate their activation. Phosphorylation of AP-1 results in activation of 
downstream target genes, causing a biological response. (Stronach, 2005; Rios-Barrera 
and Riesgo-Escovar, 2013). A negative feedback loop regulates the JNK signaling 
cascade via the AP-1 target gene puckered (puc), which acts as a phosphatase to restrict 
JNK activity (Figure 1.4) (Igaki, 2009). Importantly, puckered is frequently used as a 
functional readout of JNK activity (Martin-Blanco et al., 1998; Dobens et al., 2001).  
 As in mammals, the JNK pathway in Drosophila is increasingly complex 
upstream. Basket is phosphorylated by an upstream JNK kinase (JNKK), Hemipterous 
(Hep) or MKK4. JNKK is phosphorylated by JNK kinase kinases (JNKKK) such as 
Slipper, and dMekk1. Upstream of the JNKKKs are proteins such as the small GTPase 
Rac1, and the Ste20 related kinase Misshapen (Figure 1.4) (Stronach, 2005). 
Extracellular receptor systems including Wingless/Frizzled, TNF/TNFR (Eiger), and 
PDGF/PDGFR (PVF/PVR) can activate the intracellular proteins of the JNK pathway 
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(Igaki, 2009). The variety of upstream signaling components in the JNK pathway likely 
provide the specificity for multiple biological processes in diverse cell types (Stronach, 
2005).  
 Although the JNK signaling pathway is important for several biological 
processes, a role for JNK signaling during engulfment had not been demonstrated. 
However, there is evidence that the JNK pathway may be involved in engulfment. JNK is 
activated in response to apoptotic cells in mammalian macrophages and surrounding 
epithelial cells, suggesting a possible role for JNK during engulfment (Patel et al., 2006; 
Patel et al., 2010). During embryogenesis, JNK signaling regulates cellular 
morphogenesis during dorsal closure. (Noselli and Agnes, 1999; Suzanne et al., 2001). 
Dorsal closure is also dependent on the tyrosine kinase Shark, and can be rescued by 
activated c-Jun (Fernandez et al., 2000). As mentioned previously, Shark interacts with 
the engulfment receptor Draper, demonstrating a possible link between JNK signaling 
and engulfment machinery. Moreover, Myoblast city (Mbc), which is part of the CED-2, 
5, 12 pathway, is required for dorsal closure (Erickson et al., 1997). Therefore, there are 
many similarities between the signaling that regulates dorsal closure and engulfment. At 
the time I began this work, a role for JNK signaling in engulfment had not been 
described. Since the onset of our investigations, other groups have reported a role for 
JNK during engulfment in Drosophila. JNK was shown to be required in glia for the 
removal of severed axons, and for the engulfment of imaginal disc “loser” cells 
succumbing to cell competition (Ohsawa et al., 2011; Macdonald et al., 2013). 	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1.7 The Drosophila ovary as a model system for programmed cell death and 
engulfment  
 The Drosophila female has two ovaries that continuously produce eggs. Each 
ovary is composed of 15-20 ovarioles, which are chains of progressively developing egg 
chambers that mature as they are pushed towards the posterior of the ovary (Figure 1.5) 
(King, 1970; Spradling, 1993). Egg chambers originate from a specialized region at the 
anterior of the ovariole known as the germarium, which harbors germline and somatic 
stem cells (Figure 1.6). Egg chambers are 16-cell germline cysts, comprised of a single 
oocyte and 15 nurse cells that support the oocyte throughout 14 stages of oogenesis. Each 
egg chamber is surrounded by approximately 800 somatically derived epithelial cells 
known as the follicle cells (Figure 1.6).  
 The germline derived nurse cells are large polyploid cells that provide nutrients, 
proteins, mRNAs, and organelles for the developing oocyte. During late oogenesis, the 
nurse cells “dump” their cytoplasmic contents into the oocyte through structures called 
ring canals (Cummings and King, 1970; Spradling, 1993). The somatically derived 
follicle cells are a dynamic population of cells responsible for yolk, vitelline membrane, 
and chorion synthesis (McCall, 2004; Wu et al., 2008; Pritchett et al., 2009; Jenkins et al., 
2013). Furthermore, follicle cells are subdivided into distinct populations that perform 
specialized tasks throughout oogenesis (Wu et al., 2008). For example, the polar cells are 
specialized follicle cells that reside on the anterior and posterior poles of the egg 
chambers. Together with the migratory border cells, the polar cell/border cell cluster 
migrates from the anterior of the egg chamber to the nurse cell/oocyte interface. The 
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polar and border cells sculpt the micropyle, the sperm entry structure essential for female 
fertility (Wu et al., 2008; Montell et al., 2012). As the egg chamber reaches the late 
stages of oogenesis, the follicle cells migrate to form a columnar epithelium that 
encompasses the oocyte. Concurrently, approximately 50 cells at the anterior of the egg 
chamber migrate over the nurse cells and are called the stretch follicle cells (Horne-
Badovinac and Bilder, 2005; Wu et al., 2008). Furthermore, follicle cells are responsible 
for the formation of the dorsal appendages, structures that facilitate gas exchange in the 
embryo (Berg, 2005). At the end of oogenesis, mature stage 14 egg chambers pass 
through the oviducts into the uterus, where they are fertilized (McCall, 2004; Pritchett et 
al., 2009). 
 The Drosophila melanogaster ovary is a powerful and simple model system for 
the study of cell death. Cell death occurs at distinct stages throughout oogenesis: PCD 
occurs in response to environmental stress such as starvation in the germarium and during 
mid-oogenesis (stages 7-9), and in response to developmental signals during late 
oogenesis (Figure 1.7) (Giorgi and Deri, 1976; McCall, 2004; Pritchett et al., 2009). 
There are morphological features of all three major types of cell death (apoptosis, 
autophagic cell death and necrosis) indicating complex cell death mechanisms in the 
ovary (Hou et al., 2008; Bass et al., 2009; Nezis et al., 2009; Pritchett et al., 2009). 
Furthermore, the Drosophila ovary is closed to circulating macrophages, thereby 
providing an ideal system to study engulfment via non-professional phagocytosis (King, 
1970).  
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1.7.1 Starvation induced programmed cell death during mid-oogenesis 
 During mid-oogenesis (stages 7-9), the germline undergoes programmed cell 
death in response to poor environmental conditions such as starvation, and the germline 
debris is subsequently engulfed by the surrounding layer of epithelial follicle cells 
(Figure 1.8A-C) (Giorgi and Deri, 1976). The onset of vitellogenesis (yolk protein 
synthesis and uptake) occurs during mid-oogenesis, and is an energetically expensive 
process. Therefore, it is thought that there is a checkpoint during mid-oogenesis where 
environmental conditions can be surveyed prior to investing energy in vitellogenesis and 
egg development (Giorgi and Deri, 1976; Jenkins et al., 2013). 
 PCD during mid-oogenesis can be identified by morphological changes. While 
healthy mid-stage egg chambers contain nurse cells with dispersed chromatin surrounded 
by a thin layer of follicle cells (Figure 1.8A), dying egg chambers exhibit features of 
apoptotic cell death including condensation and fragmentation of the nurse cell nuclei 
(Figure 1.8B-C). Follicle cells synchronously enlarge and engulf the dying germline 
(Figure 1.8B-C).  
 Caspases are essential for the death of the germline during mid-oogenesis. When 
egg chambers lack the effector caspase Dcp-1 (death caspase-1) or overexpress the 
caspase inhibitor Diap1 (Drosophila inhibitor of apoptosis) (Figure 1.8D), there is a 
complete block to germline death, resulting in ‘undead’ egg chambers. Undead egg 
chambers contain nurse cells that have failed to condense, and the surrounding layer of 
follicle cells thins and disappears (Figure 1.8D) (Jenkins et al., 2013). It remains 
unknown why or how the follicle cells disappear in undead egg chambers. In addition to 
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caspases, mitochondrial remodeling and the Bc1-2 proteins are important regulators of 
PCD during mid-oogenesis (Tanner et al., 2011). 
 Although the requirement for Dcp-1 in mid-stage death is well documented, the 
upstream signals that regulate cell death during mid-oogenesis are only partially 
characterized. Unlike most examples of apoptosis in Drosophila, cell death during mid-
oogenesis does not require IAP antagonist genes, reaper, hid, and grim (RHG genes), 
indicating that death of the germline is a unique cell death program (Peterson et al., 
2007). Further investigations are necessary to determine the upstream signaling that 
responds to death signals and triggers apoptosis of the germline (McCall, 2004; Pritchett 
et al., 2009). 
 Autophagic cell death may also contribute to PCD during mid-oogenesis. Dying 
mid-stage egg chambers stain with LysoTracker, a dye that labels acidified 
compartments, which may be indicative of autophagic cell death. Mid-stage egg 
chambers that lack the autophagy genes Atg1 or Atg7 in the nurse cells show reduced 
LysoTracker staining (Hou et al., 2008). Dying mid-stage egg chambers also have an 
increase in LC3-GFP puncta, indicating the presence of autophagosomes (Hou et al., 
2008). Interestingly, Atg1 and Atg7 germline clones show condensation of the nurse cell 
chromatin but reduced DNA fragmentation, suggesting that autophagy promotes DNA 
fragmentation (Hou et al., 2008; Nezis et al., 2009). Therefore, autophagy cooperates 
with apoptosis to promote PCD during mid-oogenesis.  
 The final step in the removal of the dying germline during mid-oogenesis is 
engulfment by the surrounding follicle cells. In this example of non-professional 
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phagocytosis, the epithelial follicle cells transition to a phagocytic role. Prior to the work 
presented in this dissertation, the mechanisms of engulfment were completely 
uncharacterized in the Drosophila ovary. 
 
1.7.2 Developmental programmed cell death during late oogenesis 
 During late stages of oogenesis, the NCs that provide nutrients, proteins, mRNAs, 
and organelles for the developing oocyte transport (“dump”) their contents into the 
oocyte and undergo PCD (Figure 1.9A-D) (King, 1970; Spradling, 1993). By the time 
that egg chambers reach maturity at stage 14 (characterized by the formation of dorsal 
appendages), the nurse cells are completely eliminated, while the oocyte is protected 
(Figure 1.9A-D) (King, 1970; Spradling, 1993). The developmental cell death of nurse 
cells has been studied since at least the 1930s (McCall, 2004), yet the exact mechanisms 
of developmental nurse cell death still remain unclear.  
 During nurse cell dumping, a cytoplasmic network of actin bundles provides 
support for the NC nuclei while the cytoplasm streams into the oocyte through the ring 
canals. It has been suggested that the flattening of the follicle cells may help drive nurse 
cell dumping during late oogenesis (Gutzeit, 1990; Spradling, 1993). While several 
mutants that affect nurse cell dumping have been described, the upstream signals that 
initiate dumping are largely unknown. Furthermore, whether nurse cell dumping plays a 
role in nurse cell death or simply occurs concurrently is also unclear. One of the first 
indications that the nurse cells have begun to undergo PCD during late oogenesis is the 
permeabilization of the nuclear envelope occurring at the end of stage 10B (Cooley et al., 
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1992 ; Buszczak and Cooley, 2000; Pritchett et al., 2009). However, nurse cell nuclear 
breakdown and DNA fragmentation have been shown to occur independently of actin 
bundle formation, indicating that nurse cell death occurs independently of dumping 
(Cooley et al., 1992; Foley and Cooley, 1998; Buszczak and Cooley, 2000; Hudson and 
Cooley, 2002; McCall, 2004; Pritchett et al., 2009). 
 One possibility that has been explored extensively is that the nurse cells undergo 
apoptosis. The nurse cell nuclei that remain behind after cytoplasmic dumping and in 
stages 12-13 become TUNEL positive, a hallmark of apoptosis (Foley and Cooley, 1998; 
McCall and Steller, 1998; McCall, 2004). However, several findings suggest that 
apoptosis executed autonomously within the nurse cells provides only a minor 
contribution to developmental nurse cell death. The three major regulators of apoptosis 
(RHG genes) in most Drosophila tissues are not required for nurse cell death during late 
oogenesis (Foley and Cooley, 1998). Additionally, overexpression of the caspase 
inhibitors p35 or Diap1 (Figure 1.9E) or loss of function mutations in caspases lead to 
only partial defects in nurse cell death (Laundrie et al., 2003; Peterson et al., 2003; 
Mazzalupo and Cooley, 2006; Baum et al., 2007). Together, these data suggest that 
apoptosis only plays a minor role in nurse cell death during late oogenesis, or works in 
conjunction with other forms of cell death.  
 Another possibility is that autophagic cell death occurs in the nurse cells during 
late oogenesis. In electron micrographs of late stage egg chambers from Drosophila 
virilis and Drosophila melanogaster, autophagosomes are present (Velentzas et al., 2007; 
Nezis et al., 2010). In Drosophila melanogaster, LysoTracker-positive puncta appear 
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around the nurse cell nuclei, indicating the presence of acidified organelles (Cummings 
and King, 1970; Bass et al., 2009; Timmons et al., 2013). Furthermore, germline specific 
knockdown of several autophagy genes produces stage 14 egg chambers with some 
persisting nurse cell nuclei that do not undergo DNA fragmentation (Bass et al., 2009; 
Nezis et al., 2010). However, more recently it has been shown that germline clones of 
autophagy mutants generated using pole cell transplantation do not cause a persisting 
nuclei phenotype, and that the ovoD/heat shock method leads to the generation of follicle 
cell clones that may contribute to persisting nuclei (Barth et al., 2012; Peterson and 
McCall, 2013). Thus, autophagy or apoptosis alone provide only minor contributions to 
nurse cell death. Recent findings suggest that autophagy and apoptosis do not function 
redundantly (Peterson and McCall, 2013), indicating that they must act in conjunction 
with other pathways to carry out nurse cell death during late oogenesis.  
 Although LysoTracker is often used to detect autophagy, it can also be indicative 
of acidification that occurs during necrosis or the processing of corpses following 
phagocytosis (Klionsky et al., 2008). The progression of LysoTracker staining to include 
entire nurse cell remnants during late oogenesis raises the intriguing possibilities that 
nurse cell death occurs via programmed necrosis (Bass et al., 2009) or that the follicle 
cells may engulf the nurse cells during late oogenesis (Cummings and King, 1970; Nezis 
et al., 2000) and contribute non-autonomously to nurse cell death.  
 During late oogenesis, a specific population of follicle cells known as the stretch 
follicle cells surround the nurse cells and may phagocytose them (Cummings and King, 
1970; Nezis et al., 2000; McCall, 2004). The presence of LysoTracker staining in and 
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around the nurse cells during late oogenesis might be indicative of acidified vesicles 
present during corpse processing. Deep orange (Dor) is the Drosophila homolog of 
Vps18, a member of the HOPS (homotypic fusion and protein sorting) complex that is 
essential for the fusion of endosomes to lysosomes (Sevrioukov et al., 1999; Solinger and 
Spang, 2013). Spinster is a transmembrane protein originally identified for its effects on 
female mating behavior, that is also reported to function in lysosomal processing and 
turnover (Nakano et al., 2001). Mutations in the lysosomal trafficking genes spinster and 
deep orange  (Figure 1.9F) lead to a strong persistence of nurse cell nuclei in stage 14 
egg chambers, suggesting that lysosomal processing of the dying nurse cells is important 
for their removal (Bass et al., 2009). While spinster is required in the germline for proper 
nurse cell death/clearance (Bass et al., 2009), the tissue specificity of deep orange has not 
been reported. Whether engulfment of the nurse cells by the follicle cells is a contributing 
factor to nurse cell death, or simply a consequence is unknown. Therefore, this 
dissertation investigates whether the follicle cells non-autonomously promote nurse cell 
death.  
 
1.7.3 Follicle cell death 
 The somatic follicle cells are a dynamic population of cells that contribute to 
several processes throughout oogenesis. The follicle cells can also die throughout 
oogenesis, however the mechanisms of follicle cell death are not well understood. During 
starvation induced mid-oogenesis, follicle cells coordinately engulf dying germline cells 
(Giorgi and Deri, 1976; Mazzalupo and Cooley, 2006). In late phases of egg chamber 
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degeneration, the follicle cell nuclei become pyknotic and eventually disappear. 
However, the mechanisms of follicle cell death and or removal following engulfment of 
the germline are currently unknown.  
 At the end of oogenesis, follicle cells become detached from the mature egg as it 
exits the ovariole through the oviduct and into the uterus. The contractions of the oviduct 
are likely to contribute to the detachment of the follicle cells. Detached follicle cells 
accumulate at the entrance of the lateral oviduct, where they are engulfed by epithelial 
cells and/or macrophages (Nezis et al., 2002; Nezis et al., 2006). Just prior to their 
detachment, some follicle cell nuclei on late stage egg chambers undergo chromatin 
condensation and DNA fragmentation (Nezis et al., 2002). However, subsequent studies 
in Diptera demonstrate that dying follicle cells during late oogenesis do not have caspase 
activity and are likely undergoing autophagic cell death (Nezis et al 2006). One 
possibility is that follicle cell death is occurring via anoikis, in which detachment from 
the extracellular matrix triggers apoptosis (Galluzzi et al., 2012). However, further 
studies are necessary to determine the mechanisms of follicle cell death at the end of 
oogenesis.  
 The polar cells are clusters of 3-6 specialized follicle cells located on the anterior 
and posterior ends of an egg chamber during early stages of oogenesis.  By stage 5 of 
oogenesis, the number of polar cells in each cluster is reduced to two cells. These excess 
polar cells have been shown to be eliminated by the canonical apoptotic pathway: Hid, 
Diap1, Drice, and Dronc (Besse and Pret, 2003). Furthermore, it was later shown that the 
JAK/STAT pathway promotes this canonical apoptotic cascade (Borensztejn et al., 2013). 
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Polar cell death is the only example of PCD in the ovary that occurs via a canonical 
apoptotic cascade (Pritchett et al., 2009). 
 
1.8 Comparison of programmed cell death in the Drosophila and mammalian ovary 
 The Drosophila ovary shares many similarities with the mammalian ovary and 
therefore could be used as a model for studying human fertility. As in Drosophila, PCD 
occurs in the mammalian ovary in response to insult and as a normal part of development. 
Developmental loss of oocytes during embryogenesis until puberty is called attrition. In 
humans, the embryonic ovary has 6.8 million oocytes 5 months post conception, which is 
reduced to 2 million oocytes within two days after birth, and 100,000 oocytes by the 
onset of puberty (Matova and Cooley, 2001; Baum et al., 2005; Thomson et al., 2010). In 
addition, oocyte loss occurs between puberty and menopause, and can be caused by 
genetic factors, chemical insults, and other physiological factors (Thomson et al., 2010). 
Degeneration of germ cells encapsulated by somatic granulosa cells (collectively termed 
a follicle), is called follicular atresia. In the human ovary, 99.9% of oocytes die between 
birth and menopause. Therefore, death is the ultimate fate of most oocytes in mammals 
(Morita and Tilly, 1999).  
 In the embryonic mammalian ovary, oocytes initially develop in clusters, called 
germ-cell cysts, connected via intercellular bridges due to incomplete cytokinesis 
(Pepling, 2012). These interconnected germ-cell cysts are reminiscent of Drosophila egg 
chambers that are comprised of 15 interconnected nurse cells and a single oocyte. After 
birth, germ-cell cysts disassemble and the oocytes become individually surrounded by 
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somatic granulosa cells. During germ-cell cyst breakdown, approximately 2/3 of the cells 
in the cysts undergo cell death (Morita and Tilly, 1999). It is likely that oocyte cell death 
occurs primarily via apoptosis, but autophagy may also contribute to cell death during 
cyst breakdown (Rodrigues et al., 2009; Pepling, 2012). Interestingly, deletion of Notch2 
in the granulosa cells causes defects in the breakdown of germ-cell nests and reduced 
oocyte death. As mutant mice reach sexual maturity, their ovaries become hemorrhagic, 
resulting in reduced fertility. Therefore, the granulosa cells likely play a role in the death 
of the oocytes during development (Xu and Gridley, 2013).  
 During follicular atresia, both the oocyte and the granulosa cells undergo cell 
death. Similar to the somatic follicle cells in the Drosophila ovary, the granulosa cells 
can act as non-professional phagocytes to engulf degenerating oocytes (Inoue et al., 
2000). In a model for follicular atresia, somatic follicle cells of the Drosophila ovary can 
be induced to invade and destroy the germline in response to rapamycin treatment. 
Similarly, in cultures of murine follicles, rapamycin treatment caused granulosa cells to 
invade and destroy the oocyte (Thomson and Johnson, 2010). Therefore, non-cell 
autonomous mechanisms may contribute to cell death in the mammalian ovary.  	  
1.9 Thesis Rationale 
 Programmed cell death (PCD) plays an important role in development, tissue 
homeostasis and disease by ensuring that damaged, excess, or aged cells are promptly 
and selectively removed without causing harm to the organism (Elliott and Ravichandran, 
2010). A crucial final step in the cell death process is phagocytosis of the cell corpse via a 
process known as engulfment. While engulfment of cell corpses is frequently performed 
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by professional phagocytes such as macrophages, neighboring epithelial cells can also 
transition to a phagocytic role and act as non-professional phagocytes. However, the 
mechanisms of non-professional phagocytosis are largely uncharacterized.  
 The Drosophila ovary provides an exceptional model system to examine the 
mechanisms of non-professional phagocytosis. In response to starvation, entire egg 
chambers undergo PCD and the dying germline is engulfed by surrounding epithelial 
follicle cells. Therefore the ovary is a naturally inducible in vivo model of cell death and 
non-professional engulfment. Furthermore, the plethora of genetic tools as well as 
simplified cell biology renders Drosophila an excellent model organism for investigating 
complex biological processes such as PCD and non-professional engulfment. 
Additionally, there is evidence that the JNK signaling pathway could be playing a role in 
the engulfment of dying cells. However, a role for the JNK pathway during engulfment 
had never been demonstrated. Therefore, we used the Drosophila ovary to naturally 
induce PCD and engulfment in order to characterize the genetic pathways that govern 
non-professional engulfment. Furthermore, we investigated the role of the JNK pathway 
during the engulfment of dying cells.  
 Historically, PCD was considered a cell-autonomous suicide program, 
synonymous with apoptosis. However, there are several alternative non-apoptotic cell 
death programs that are crucial during development and tissue homeostasis, but their 
mechanisms are less understood. During the late stages of Drosophila oogenesis, there is 
a large scale developmental PCD. For each egg that is formed, fifteen germline derived 
nurse cells dump their cytoplasmic contents into the oocyte and undergo PCD. Previous 
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work has ruled out apoptosis and/or autophagic cell death as major contributors to 
developmental PCD (Peterson and McCall, 2013). Here, we investigate whether the 
surrounding follicle cells non-cell-autonomously promote developmental PCD of the 
nurse cells. Furthermore, we explore the possibility that developmental PCD of the nurse 
cells is an example of programmed necrosis.  
 The research presented in this dissertation elucidates the genetic mechanisms that 
regulate non-professional engulfment and non-apoptotic PCD in the Drosophila ovary.  	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Figure 1.1 Simple schematic of apoptosis in Drosophila 
 
A simplified schematic of apoptosis in Drosophila. Effector caspases are the primary 
executioners of apoptosis and are activated by initiator caspases. Under normal 
conditions, both initiator and effector caspases are inhibited by IAPs (inhibitors of 
apoptosis). In response to death signals IAP antagonists are activated, causing the 
degradation of IAPs and the activation of caspases, resulting in apoptosis.   
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Figure 1.2 General engulfment process 
 
Find-me signals (green) recruit the phagocyte to the site of death. The phagocyte binds 
eat-me signals (magenta) presented by the cell corpse, triggering an intracellular cascade 
of events. Then the cell corpse is internalized and degraded by the phagocyte. Modified 
from (Chekeni and Ravichandran, 2011).  
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Figure 1.3 The CED-1, 6, 7 and CED-2, 5, 12 pathways regulate engulfment  
 
 
The CED-1, 6, 7 and the CED-2, 5, 12 pathways converge on CED-10 to promote 
engulfment and were first identified in C. elegans (black). The mammalian orthologs are 
listed in red and Drosophila orthologs are listed in purple. Modified from (Logan and 
Freeman, 2007). 	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Figure 1.4 The Drosophila JNK signaling pathway 
 
The Drosophila JNK signaling pathway. Dark gray boxes indicate core components of 
the JNK pathway. Modified from (Igaki, 2009).  	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Figure 1.5 The Drosophila female reproductive system 
 
(A) Fly ovaries contain strings of ovarioles (arrow). Image adapted from (Jenkins et al., 
2013).  (B) Overview of female reproductive system. Modified from (Mahowald and 
Kambysellis, 1980). 	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Figure 1.6 The Drosophila ovary has three cell types 
 
Two ovarioles were stained with DAPI (cyan) to label DNA and anti-Discs large (Dlg; 
red) to label membranes. Each egg chamber contains three cell types: the oocyte (O), the 
nurse cells (NC), and the follicle cells (FC). Egg chambers originate from the germarium 
(G).   	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Figure 1.7 Programmed cell death of the germline occurs at distinct stages 
throughout oogenesis 
 
 
Schematic of Drosophila ovariole. In response to starvation, the germarium and mid-
stage (stages 7-9) egg chambers undergo programmed cell death (PCD). In the late stages 
of oogenesis (stages 10-14), the nurse cells dump their contents into the developing 
oocyte and undergo developmental PCD such that by stage 14 there are no nurse cells 
remaining. Adapted from (Frydman and Spradling, 2001). 	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Figure 1.8 Overview of starvation induced cell death during mid-oogenesis 
 
Overview of starvation-induced cell death during mid-oogenesis. Mid-stage egg 
chambers from starved flies were stained with DAPI (cyan) to label DNA and anti-Discs 
large (Dlg; red) to label membranes. (A-C) Wild-type (w1118) egg chambers. (A) Healthy 
stage 8 egg chamber has large nurse cell nuclei surrounded by a thin layer of follicle 
cells. Arrowheads indicate follicle cell layer in all panels. (B) Dying egg chamber has 
condensed and fragmented nurse cell DNA and the surrounding layer of follicle cells has 
enlarged to engulf the germline material. (C) Late dying egg chamber has few nurse 
nuclear fragments remaining and the follicle cells have nearly completed engulfment. (D) 
An undead egg chamber (arrowhead) where the nurse cell nuclei have failed to condense 
and fragment and many of the surrounding follicle cells have disappeared (arrow), 
resulting from overexpression of the gene for Drosophila inhibitor of apoptosis protein 1 
(Diap1) in the nurse cells. Scale bar = 50 µm. Figure adapted from (Jenkins et al., 2013). 	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Figure 1.9 Overview of developmental programmed cell death during late oogenesis 
 
Egg chambers from well-fed flies stained with DAPI (cyan) to mark the DNA and anti-
Discs large (Dlg; red) to label the cell membranes. (A-D) Wild-type (w1118) egg 
chambers. (A) Stage 11 egg chamber has several nurse cells that still contain cytoplasm. 
(B) Stage 12 egg chamber has completed dumping and retains nurse cell nuclei. (C) Stage 
13 egg chamber has begun to form a dorsal appendage (arrowhead) and has few nurse 
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cell nuclei remaining. (D) Stage 14 egg chamber has fully formed dorsal appendages 
(arrowhead) and no longer contains nurse cells. (E) Overexpression of the gene for 
Drosophila inhibitor of apoptosis protein 1 (Diap1) in the nurse cells using the nanos 
germline-specific promoter leads to a weak persisting nuclei phenotype where stage 14 
egg chambers still contain a few nurse cell nuclei (arrow. (F) deep orange (dor) loss-of-
function mutant stage 14 egg chamber has a strong persisting nurse cell nuclei phenotype 
(arrow). Scale bar = 50 µm. Figure from (Jenkins et al., 2013).  	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Table 1.1 The CED-1, 6, 7 and CED-2, 5, 12 pathways are conserved between C. 
elegans, Drosophila, and mammals 
C. elegans Drosophila Mammals 
CED-1 Draper LRP1, MEGF10, Jedi 
CED-6 Ced-6 GULP 
CED-7 Not determined  ABCA1 or ABCA 7 
CED-2 Crk CrkII 
CED-5 Myoblast City Dock180 
CED-12 Ced-12 ELMO 
CED-10 Rac1 Rac1 
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CHAPTER TWO 
Materials and methods 
(Portions of this chapter were previously published in  
Etchegaray et al. 2012, Timmons et al. 2013 and Sarkissian et al. 2014) 
  
2.1 Drosophila stocks 
 Unless otherwise indicated, flies were obtained from the Bloomington Stock 
Center and raised at 25°C on standard cornmeal/molasses food. A “cleaned up” version 
of draper∆5 (Freeman et al., 2003) was provided by Estee Kurant. FRT2A was 
recombined onto the draper∆5 chromosome and a recombinant was isolated and 
confirmed by PCR (by Jon Iker Etchegaray). The draper FRT homozygous mutant 
showed the same ovary phenotype in trans to a deficiency (Df(3L)BSC181), and this line 
was used for all further studies. PWIZ-draperRNAi #7b (MacDonald et al., 2006) and UAS-
Draper-I (McPhee et al., 2010) were provided by Mary Logan and Marc Freeman. The 
reporter for JNK activity was puc-lacZA251.1F3, ry/TM3 (Martin-Blanco et al., 1998). G89 
(G00089) and G71 (G00071) are germline specific GFP gene traps from FlyTrap (Morin 
et al., 2001). eiger alleles (Igaki et al., 2002) were provided by M. Miura. Dcp-1prev1, 
UASp-Diap1, UASp-t-Dcp-1 and UASp-fl-Dcp-1 were generated in our laboratory 
(Laundrie et al., 2003; Peterson et al., 2003; Hou et al., 2008). Germline clones were 
generated using the ovoD method as described (Chou and Perrimon, 1996).  
 RNAi and dominant negative lines are listed in Tables 3.1 and 4.1. GR1-GAL4 
was used to drive expression in all follicle cells after stage 3 (Figure 2.1) and was 
provided by Trudi Schüpbach. PG150-GAL4 was used to drive expression specifically in 
the stretch follicle cells (Figure 2.2) and was provided by Ellen LeMosy (Bourbon et al., 
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2002). nanos-GAL4 was used to drive expression specifically in the germline (Rorth, 
1998) . For genotypes with more than one UAS-gene, we co-expressed UAS-GAL4 to 
ensure that GAL4 was not limiting.   
 Fly crosses were performed at 25°C, unless otherwise indicated. The GR1-GAL4 
G89 > UAS-bskDN cross was performed at 18°C and adults were incubated for several 
days at 25°C before analysis. Because of lethality, some crosses required use of tubulin-
GAL80ts. Crosses using GAL80ts were performed at 18°C and adults were switched to 
29°C to inactivate GAL80ts.  For the expression of UAS-hepCA with GAL80ts, flies were 
raised at 18°C and the adult progeny were conditioned at 18°C. To inactivate GAL80ts, 
flies were transferred to 29°C overnight. For the expression of Diap1RNAi in the stretch 
follicle cells, flies were raised at 18°C and moved to 29°C for 18 hours to inactivate 
GAL80ts.   
 
2.2 The GAL4/UAS system 
 The GAL4/UAS system is a binary system that directs gene expression under 
tissue-specific control (Brand and Perrimon, 1993). To use this system, one parent 
expresses GAL4, a yeast transcription factor expressed under the control of endogenous 
tissue specific enhancers. In the second parent, the target gene of interest is cloned 
downstream of the upstream activating sequence (UAS). In the resulting progeny, GAL4 
specifically binds the UAS, inducing expression of the gene of interest (Figure 2.3). The 
major advantage of this system is that the target transgene is expressed in a specific cell 
type or tissue, allowing for spatial control of the gene of interest and preventing viability 
issues that are encountered when a gene is manipulated in the whole organism (McGuire 
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et al., 2004). There are thousands of GAL4 lines available that include a variety of tissue 
and cell-specific expression patterns. The UAS-transgene can be engineered for targeted 
gene knockdown (via the expression of dominant negative or RNAi constructs), ectopic 
gene expression, expression of reporter constructs, etc. (Duffy, 2002). Overall, the 
GAL4/UAS system is an elegant genetic tool that contributes to Drosophila being a 
powerful model organism for genetic analyses.   
 
2.3 Preparation of flies for dissection 
 Prior to dissection, males and females were transferred to a fresh food vial (<20 
flies/vial) containing a dollop of yeast paste. Flies were moved to vials containing fresh 
yeast paste 1-2 more times such that they were on yeast paste for a total of 48 hours. 
Well-conditioned females had swollen abdomens containing well-developed ovaries. If 
dying mid-stage egg chambers were preferred, well-conditioned flies were transferred to 
apple juice agar starvation vials for 16-24 hours.  	  
2.4 Ovary dissection 
 Flies were anesthetized on a CO2 pad, and females were sorted from males. Using 
forceps (Dumont #5, Fine Science Tools), the female fly was grasped between the 
abdomen and thorax, and submerged in a glass well containing Grace’s Insect Media 
(Fisher). A second pair of forceps was used to pull gently on the terminal end of the 
female to remove the ovaries. Dissected ovaries were transferred to a clean glass well 
containing Grace’s media, and the carcass was discarded. Once all females were 
dissected, forceps were used to gently tease the ovaries and remove debris. Using a glass 
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Pasteur pipette, the ovary tissue was transferred in Grace’s media to a 1.5 mL Eppendorf 
tube. All tissue was contained within the narrow section of the pipette during the transfer. 
In order to preserve cellular structures, it was important to proceed to fixation as quickly 
as possible (<20 minutes after dissecting). 
 
2.5 DAPI staining 
 DAPI (4’,6-diamidino-2-phenylindole dichloride) is a DNA specific stain that 
emits blue fluorescence when excited by UV light, allowing for the visualization of 
DNA. DAPI staining is a simple procedure that can be used in conjunction with other 
fluorescent probes. In the Drosophila ovary, DAPI staining is used as a tool to visualize 
egg chambers throughout oogenesis and identify those that are dying during mid-
oogenesis.  
 Following dissection, Grace’s media was removed from each Eppendorf tube 
using a plastic fine-tipped transfer pipette. Ovaries were fixed with 500 µl of Grace’s fix 
(375 µl of Grace’s media + 125 µl of 16% paraformaldehyde (Electron Microscopy 
Sciences), opened fresh < 1 week) and 250 µl of heptane (total volume = 750 µl). Tubes 
were place on a rotator for 20 minutes at room temperature (RT). Grace’s fix and heptane 
were removed with a fine-tipped transfer pipette. Ovaries were rinsed twice with PBT 
(1X PBS with 0.1% Triton X-100) and then washed with PBT three times for 10 
minutes/wash on a rotator (a total wash time of 30 minutes). After the final wash, PBT 
was removed and 1-2 drops of VectaShield Mounting Media with DAPI (Vector 
Laboratories) was added to the ovary tissue. Ovaries in DAPI were stored overnight at 
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4°C. Using a glass Pasteur pipette, the ovary tissue was transferred to a glass slide. 
Tungsten needles (Carolina Biologicals) were used to break apart ovarioles and spread 
evenly across glass slide. A cover slip was placed on the slide and sealed with nail polish. 
Slides were stored at 4°C and imaged on a fluorescence or confocal microscope with UV 
settings. 	  
2.6 Antibody staining 
 After dissection, Grace’s media was removed from the Eppendorf tube using a 
plastic fine-tipped transfer pipette. Ovary tissue was fixed with 500 µl of Grace’s fix (375 
µl of Grace’s media + 125 µl of 16% paraformaldehyde (Electron Microscopy Sciences), 
opened fresh < 1 week) and 250 µl of heptane (total volume = 750 µl). Tubes were 
rotated for 20 minutes at RT. Using a fine-tipped transfer pipette, Grace’s fix and heptane 
were removed from the tissue. Ovaries were rinsed quickly two times with PBT (1X PBS 
with 0.1% Triton X-100). Then ovaries were washed with PBT three times for 20 
minutes/wash on a rotator (a total wash time of 60 minutes). If desired, samples were 
incubated in rhodamine phalloidin (1:500 in PBT, Molecular Probes) for 1 hour, 
protected from light, and washed in PBT for 20 minutes. Ovaries were blocked for 1 hour 
at RT with PBANG (1X PBT +0.5% BSA + 5% Normal Goat Serum (NGS)) on a 
rotator. Primary antibody was diluted in PBANG (Table 2.1) and added to ovaries for an 
overnight incubation at 4°C on a rotator. The PBANG/primary antibody solution was 
removed from tube and ovaries were rinsed twice with PBT. Ovaries were washed for 2 
hours with PBT + 0.5% BSA, changing wash at least four times. The secondary antibody 
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(Table 2.1) was diluted 1:200 in PBANG and incubated with ovaries for 1 hour at RT 
rotator. After the secondary antibody was added to the tissue, samples were protected 
from light. Secondary antibody was removed from the tube and ovaries were rinsed two 
times with PBT. Then, ovaries were washed for 2 hours with PBT + 0.5% BSA, changing 
wash at least four times. Ovaries were rinsed once with PBS and 1-2 drops of 
VectaShield Mounting Media with DAPI were added. Ovaries in DAPI were stored 
overnight at 4°C and mounted on a glass slide with a glass Pasteur pipette. Using 
tungsten needles, ovarioles were broken apart and spread evenly across the glass slide. A 
cover slip was placed carefully on the slide and sealed with nail polish. Slides were stored 
at 4°C. Ovaries were visualized on fluorescence or confocal microscopes with 
appropriate fluorescence filters or laser settings. 
 
2.7 Visualization of engulfment during mid-oogenesis 
 To visualize engulfment, egg chambers were stained with an antibody against 
Discs large (Dlg), a scaffolding protein that labels the plasma membrane. Dlg staining 
allowed us to observe enlargement of the follicle cells as well as uptake of nurse cell 
nuclear material. In addition, some egg chambers expressed a germline specific GFP 
(G71 or G89) to visualize uptake of germline cytoplasm. The wild-type progression of 
PCD and engulfment is summarized in Figure 3.1.  
 In addition, antibody staining against the caspase Dcp-1 (Death caspase 1) can be 
used to visualize the progression of cell death and engulfment during mid-oogenesis. Full 
length Dcp-1 does not have proteolytic activity, but when Dcp-1 is cleaved, it becomes 
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active (Song et al., 1997). Healthy egg chambers did not contain any caspase activity 
(Figure 2.4A-A’). However in very early dying egg chambers, cleaved Dcp-1 or another 
death specific protein was detected at the outer membrane of the nurse cells. Vesicle 
structures in the follicle cells were also labeled, indicating the nurse cell material is being 
engulfed by the follicle cells very early in the death process (Figure 2.4B-B’). As the egg 
chambers progressed through death, staining remained localized to the outer membrane 
of the nurse cells and to vesicles within the follicle cells (Figure 2.4C-D’). Importantly, 
western blot analysis performed by Cell Signaling Technology found that the antibody 
recognizes both cleaved Dcp-1 and an unknown cell death specific protein 
(http://www.cellsignal.com/products/primary-antibodies/9578). Therefore, we cannot 
assume that the immunofluorescence seen is Dcp-1, but it is death specific and Dcp-1-
dependent in the ovary (Figure 2.5). 
 
2.8 Quantification of engulfment during mid-oogenesis  
 To quantify engulfment, we established a general progression of cell death based 
on degree and pattern of chromatin condensation, and categorized egg chambers into 5 
“Phases” (Ph) of death. For Ph5 egg chambers, a reduced number of nurse cell nuclear 
fragments and/or >50% pyknotic follicle cell nuclei were additional criteria (Table 2.2). 
We used ImageJ to measure the area of unengulfed germline compared to the area of the 
entire egg chamber (germline + follicle cells) for each phase of death (Figure 2.6A-A’). 
As a second method, we quantified the intensity of GFP in the germline compared to the 
GFP intensity of the entire egg chamber (germline + follicle cells) for each phase of death 
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(Figure 2.6B-B’). Since germline GFP is likely degraded in the follicle cells throughout 
the cell death process, we used the area of unengulfed germline measurement for the 
majority of our analyses. The mean ratio for healthy (Phase 0) wild-type egg chambers 
was normalized to 100%. n≥ 3 egg chambers were analyzed for each phase and genotype 
(except dMekk1 Ph2 (n=2)). P-values were determined using a two-tailed t-test.  	  
2.9 Quantification of persisting nurse cell nuclei in late stage egg chambers 
 Persisting nurse cell nuclei (PN) in stage 14 egg chambers were quantified in 
“bins” of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, or 13-15 PN and presented as a 
percentage of total stage 14 egg chambers. To calculate the average # of persisting nurse 
cell nuclei, the median number in each bin (i.e. 2 in the 1-3 bin) was used. “n” refers to 
the number of stage 14 egg chambers quantified. We used GraphPad Prism to graph and 
analyze all of our PN quantifications. The unpaired t-test was used for all statistical 
analyses. 	  
2.10 Fecundity analyses 
 Newly eclosed females were mated to CantonS males (1:1 ratio, <10 flies/vial), 
aged for 20 days on a normal diet, and transferred to fresh food every 5 days. 20 day old 
flies were transferred into vials containing grape juice agar with 3 yeast granules per 
female every 24 hours until the flies were 25 days old. The number of eggs laid were 
counted at the same time each day.  If a male escaped or died, it was replaced with 
another CantonS male. If a female died, it was scored as half a fly for that day. “n” refers 
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to the number of females analyzed. After day 25, flies were conditioned on yeast paste 
for 1-3 days, dissected and stained with DAPI.  
 
2.11 LysoTracker staining 
 Flies were dissected in Grace’s media and ovaries were transferred to a 1.5 mL 
Eppendorf tube. Using a plastic fine-tipped transfer pipette, Grace’s media was removed 
from the tube without losing any ovary tissue. LysoTracker Red DND-99 (Invitrogen, 
1:50 in 1X PBS, freshly diluted) was added to tissue and incubated for 3 minutes at RT, 
flicking the tube throughout the incubation. Ovaries were rinsed in 1X PBS and then 
washed twice over 30 minutes. If desired, live egg chambers were mounted in Voltalef oil 
and imaged immediately. Otherwise, egg chambers were fixed for 20 minutes at RT with 
500 µl Grace’s fix (375 µl of Grace’s media + 125 µl of 16% paraformaldehyde (Electron 
Microscopy Sciences), opened fresh < 1 week) and 250 µl of heptane (total volume = 750 
µl). Grace’s fix and heptane were removed, and ovaries were washed three times in PBT 
(1X PBS with 0.1% Triton X-100), over 1 hour. PBT was removed and 1-2 drops of 
VectaShield with DAPI were added to the ovaries and stored overnight at 4°C. Ovary 
tissue was mounted in DAPI solution onto glass slide and further separated with tungsten 
needles. A cover slip was placed on the slide and sealed with nail polish. Ovaries were 
viewed on a fluorescence microscope using the UV (DAPI) and rhodamine 
(LysoTracker) filters.  
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2.12 TUNEL staining 
 TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling) staining is a technique that detects fragmented DNA with 3’-OH ends that have 
accumulated in apoptotic cells (Gavrieli et al., 1992; Parrish and Xue, 2006). A variety of 
TUNEL kits are available and have been described in the literature for use on the 
Drosophila ovary. Most recently, we have had success with the DeadEnd Fluorometric 
TUNEL System (Promega). This kit was also used successfully for TUNEL staining of 
the germarium and mid-stage egg chambers (Hou et al., 2008)   
 After dissecting the ovaries, Grace’s media was removed from the Eppendorf tube 
without removing any ovary tissue. Ovaries were fixed for 20 minutes on a rotator in 500 
µl of Grace’s fix (375 µl of Grace’s media + 125 µl of 16% paraformaldehyde (Electron 
Microscopy Sciences), opened fresh < 1 week) and 250 µl of heptane (total volume = 750 
µl). Fix was removed from ovaries and they were washed with PBT (1X PBS with 0.1% 
Triton X-100) three times for 10 minutes/wash on a rotator (a total wash time of 30 
minutes). Ovary tissue was permeabilized with 1X PBS with 0.2% Triton X-100 for 15 
minutes. The ovaries were washed for 10 minutes in equilibration buffer (kit does not 
provide much equilibration buffer, so we used <30 µl per sample). After equilibration, 45 
µl of equilibration buffer, 5 µl of nucleotide mix, and 1 µl Terminal Deoxynucleotidyl 
Transferase (TdT) enzyme were added to the sample and protected from light. Ovaries 
were incubated in a water bath for 3 hours at 37°C, protected from light. 20X SSC 
solution was diluted 1:10 in dH20 to make 2X SSC solution. After 3 hour incubation, 
>300 µl of 2X SSC was added to sample for 1 minute to stop the reaction. Ovaries were 
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washed with >300 µl of 2X SSC solution for 15 minutes at RT on rotator. After stop 
reaction, ovaries were washed three times in PBT for 10 minutes (total wash time= 30 
minutes). 1-2 drops of VectaShield were added to ovaries and stored overnight at 4°C. 
Using a glass Pasteur pipette, ovary tissue was transferred in VectaShield Mounting 
Media with DAPI to a glass slide. Tungsten needles were used to break apart ovarioles 
and spread tissue evenly across the glass slide. A cover slip was placed on top and sealed 
with nail polish. Slides were stored at 4°C and visualized on fluorescence or confocal 
microscopes with UV and FITC settings. 	  
2.13 Propidium iodide staining 
 Propidium iodide (PI) is a red-fluorescent molecule that permeates cells with a 
compromised plasma membrane (such as cells undergoing necrosis) and is excluded from 
cells with intact plasma membranes, including viable cells (Rieger et al., 2010). Ovaries 
were dissected in Grace’s media and transferred to 1.5 mL Eppendorf tube. It was 
important to proceed quickly to the next step, as live ovary tissue does not survive more 
then 2 hours in the culture conditions used in this method. Grace’s media was removed 
from the Eppendorf tube without losing any tissue. 150 µM PI stock solution was diluted 
1:100 in Grace’s media to make 1.5 µM working solution. Then 100 µl of 1.5 µM PI 
working solution was added to tissue and incubated for 15 minutes at RT. The tube was 
flicked periodically throughout incubation and protected from light. PI solution was 
removed and ovaries were rinsed three times with Grace’s media. After last rinse, ovary 
tissue was mounted in ~100 µl Grace’s media onto a glass slide. Ovarioles were 
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separated  using tungsten needles. Voltalef oil was drizzled over tissue and cover slip was 
placed on top. Ovaries were visualized immediately on fluorescence microscope using 
rhodamine filter and DIC.  	  
2.14 ROS indicator: H2DCFDA staining 
 Intracellular oxidation of H2DCFDA to the fluorochrome DCF fluoresces green 
and reflects the presence of ROS in a cell (Karlsson et al., 2010). A protocol for 
H2DCFDA has been previously described in several Drosophila tissues (Owusu-Ansah, 
2008). Ovaries were dissected in room temperature 1X PBS and a glass Pasteur pipet was 
used to transfer tissue to Eppendorf tube. It was important to proceed quickly to the next 
step, as live ovary tissue does not survive more then 2 hours in the culture conditions 
used in this method. 1X PBS was removed from tube without losing any tissue. 
Immediately prior to use, 1 µL of stock 25 mM H2DCFDA was added to 2.5 mL of 1X 
PBS to make a 10 µM working solution and vortexed for 15-30 seconds. 250-500 µl of 
working solution was added to ovaries, which were incubated for 5 minutes on rotator, 
protected from light. After incubation, ovaries were washed three times for 5 minutes 
with 1X PBS. Using a glass Pasteur pipette, ovary tissue was mounted in ~ 100 µl 1X 
PBS on a glass slide and tissues were separated using tungsten needles. Voltalef oil was 
drizzled over tissue and a cover slip was placed on top. Ovaries were imaged 
immediately on a fluorescence microscope using DIC and FITC filters.  
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2.15 Microscopy 
 Samples were viewed with the fluorescence microscope Olympus BX60, using 
the Olympus Cell Sens Entry microscopy software. For confocal images, we used the 
Olympus FluoView FV10i microscope. All images were analyzed and processed in 
Adobe Photoshop CS6, Adobe Illustrator CS6, or ImageJ.  	   	  
	  53	  	  
Figure 2.1 GR1-GAL4 is expressed in all follicle cells after stage 3 of oogenesis 
 
GR1-GAL4 is expressed in the follicle cells during mid-oogenesis (GR1-GAL4 >UAS-
mCD8-GFP). (A-A’) GR1-GAL4 becomes expressed in the follicle cells beginning in 
stage 3 of oogenesis (arrowheads). Expression is robust in the follicle cells of mid-stage 
healthy egg chambers. (B-B’) GR1-GAL4 is expressed in the follicle cells of mid-stage 
dying egg chambers. (C-C’) GR1-GAL4 is expressed in the stretch follicle cells of late 
stage egg chambers. For more images of GR1-GAL4 expression during late oogenesis, 
see Figure 4.2.  	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Figure 2.2 PG150-GAL4 drives expression specifically in the stretch follicle cells 
 
The membrane specific protein, UAS-mCD4-tomato (red) was expressed under the 
control of the PG150-GAL4 driver (PG150-GAL4>UAS-mCD4-tomato ). PG150-GAL4 
is expressed specifically in the stretch follicle cells beginning in stage 10 of oogenesis 
(arrows). For more images of PG150-GAL4 expression during late oogenesis, see Figure 
4.1.  	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Figure 2.3 The GAL4/UAS system 
  
The GAL4/UAS system allows for the tissue specific expression of a transgene. One 
parent that expresses GAL4 under the control of tissue specific enhancers is crossed to 
the other parent containing a gene of interest (gene X) near the upstream activating 
sequence (UAS). In the progeny of this cross, GAL4 binds the UAS and induces 
expression of gene X in a specific tissue or cell-type. Adapted from (St Johnston, 2002) 
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Figure 2.4 Visualization of cell death and engulfment during mid-oogenesis with 
cleaved Dcp-1 antibody 
 
Egg chambers from wild-type (w1118) starved flies were stained with DAPI (cyan) and 
cleaved Dcp-1 antibody (red). (A-A’) Healthy egg chamber does not contain any cleaved 
Dcp-1 staining. (B-D’) Progressively dying mid-stage egg chambers stain positively for 
cleaved Dcp-1 on the outer membrane of the nurse cells, and vesicle structures (arrows) 
are present within the engulfing follicle cells. (B-B’) Early dying egg chamber. (C-C’) 
Mid-dying egg chamber. (D-D’) Late dying egg chamber.  Scale bar=50 µm. 	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Figure 2.5 Cleaved Dcp-1 staining is Dcp-1 dependent 
 
Wild-type (w1118) and Dcp-1 null (Dcp-1prev) flies were starved and dissected. Egg 
chambers were stained with DAPI (blue) and cleaved Dcp-1 antibody (red). (A-A’) 
Cleaved Dcp-1 staining is visible in w1118 dying egg chambers (white arrow). (B-B’) 
There is no cleaved Dcp-1 staining in undead egg chamber that is Dcp-1 null (Dcp-1prev) 
(yellow arrow).  	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Figure 2.6 Quantification method for engulfment during mid-oogenesis 
 
(A-A’) Using ImageJ, the area of the germline (A), and the area of the total egg chamber 
(A’), were measured based on the outline of the follicle cell membranes. The ratio of the 
area of the unengulfed germline compared to the area of the entire egg chamber was 
calculated, and referred to as the % unengulfed germline. (B-B’) Using the same outline 
as in (A-A’) based on follicle cell membranes, the intensity of the GFP in the unengulfed 
germline (B) and the intensity of the GFP in the entire egg chamber (B’) were measured 
by ImageJ. Again, a ratio was taken and referred to as % unengulfed germline. This 
quantification technique is first presented in Figure 3.1.  
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Table 2.1 Summary of antibodies 
Antibody 
Host 
Species Dilution Source 
anti−β-Gal mouse 1:400 Promega 
anti-Cleaved Dcp-1 rabbit 1:100 Cell Signaling Technology 
anti-DCAD2 rat 1:10 Developmental Studies Hybridoma Bank 
anti-Discs large mouse 1:1000 Developmental Studies Hybridoma Bank 
anti-Draper rabbit 1:500 Marc Freeman 
anti-Draper (5D14) mouse 1:50 Developmental Studies Hybridoma Bank 
anti-Fas III mouse 1:20 Developmental Studies Hybridoma Bank 
goat-anti-mouse Cy3 goat 1:200 Jackson ImmunoResearch 
goat-anti-rabbit Cy3 goat 1:200 Jackson ImmunoResearch 
goat-anti-rabbit Alexa Fluor 
488 
goat 1:200 Invitrogen 
goat-anti-rat Dy Light 649 goat 1:200 Jackson ImmunoResearch 
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Table 2.2 The phases of death during mid-oogenesis 
Phases of death were categorized based on nurse cell nuclear morphology. For the last 
phase of death (Ph5), pyknotic follicle cell nuclei were used as additional criteria.  
Phase of Death Morphological Characteristics 
Phase 0 (healthy) Nurse cell chromatin is dispersed. 
Phase 1 Nurse cell chromatin becomes disordered. 
Phase 2 Nurse cell chromatin is condensed, but individual nuclear regions 
are still apparent. 
Phase 3 Nurse cell chromatin is highly condensed, forming individual balls. 
Phase 4 Nurse cell chromatin is highly condensed and widely dispersed. 
Phase 5 Few nurse cell nuclear remnants remain. >50% of follicle cell 
nuclei are pyknotic. 
 
.
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CHAPTER 3 
Draper acts through the JNK pathway to control synchronous engulfment  
of dying germline cells by follicular epithelial cells 	  (Portions	  of	  this	  chapter	  were	  previously	  published	  in	  	  
Etchegaray,	  Timmons	  et	  al.	  2012)	  	  
3.1 Introduction 
 Programmed cell death (PCD) is a critical process in metazoan development and 
is a major factor in many diseases. In the human body, billions of cells die daily and are 
engulfed by phagocytic cells (Birge and Ucker, 2008; Erwig and Henson, 2008; Lleo et 
al., 2008; Fullard et al., 2009; Elliott and Ravichandran, 2010; Kinchen, 2010). A lack of 
phagocytosis of apoptotic cells can lead to secondary necrosis, culminating in an 
inflammatory response, or in severe examples, autoimmune diseases such as lupus. Thus, 
phagocytosis of apoptotic cells is essential for organism homeostasis.  
 Phagocytosis of apoptotic cells (also called efferocytosis) occurs by the actions of 
both professional phagocytes, such as macrophages, and non-professional phagocytes. In 
C. elegans, which lack macrophages, efferocytosis is carried out by neighboring cells 
(Mangahas and Zhou, 2005). In mammals, significant effort has been placed on 
understanding the mechanisms of engulfment by macrophages, but much less is known 
about the engulfment mechanisms that are used by non-professional phagocytes. Other 
cell types known to be involved in efferocytosis include epithelial cells, granulosa cells, 
glia, and neuronal progenitors (Inoue et al., 2000; Wiegand et al., 2001; Freeman et al., 
2003; Ichimura et al., 2008; Monks et al., 2008; Lu et al., 2011). It has been demonstrated 
that some non-professional phagocytes clear apoptotic cells less efficiently than 
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professional phagocytes (Parnaik et al., 2000), but it is not known if this is a general 
phenomenon. Whether non-professional phagocytes can be “activated” to increase their 
engulfing ability is also unknown.  
 Genetic analysis in C. elegans has defined two parallel pathways required for the 
engulfment of apoptotic cells  (Figure 1. 3) (Mangahas and Zhou, 2005; Hurwitz et al., 
2009). One of the pathways involves the genes ced-2, -5 and -12 and activates CED-10, a 
Rac GTPase. A second pathway utilizes CED-1, a putative apoptotic cell receptor 
containing extracellular EGF repeats. Other genes acting in this pathway are ced-7, ced-6 
and dyn-1, and this pathway may also converge on CED-10 (Kinchen et al., 2005). 
Extensive study of engulfment in mammals has revealed a high level of complexity 
(Kinchen and Ravichandran, 2007). As in worms, the CED-1,6,7 and CED-2,5,12 
pathways play prominent roles in engulfment in mammals. There are many putative 
apoptotic cell receptors, suggesting they may function redundantly or be specific for 
certain cell types.  
 Drosophila appears to use a smaller number of engulfment components than 
mammals, but unlike C. elegans, flies utilize both professional and non-professional 
phagocytes. The process of cell clearance has been studied in four cell types in 
Drosophila: macrophages, embryonic epidermal cells, glia, and epithelial imaginal disc 
cells (Fullard et al., 2009; Kinchen, 2010). The ced-1 ortholog, draper, has been found to 
be important in several of these contexts. draper plays a role in the engulfment of 
neurons, severed axons, bacteria, and imaginal disc cells succumbing to cell competition 
(MacDonald et al., 2006; Li and Baker, 2007; Cuttell et al., 2008). Downstream of 
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Draper, Srk and Syk kinases, and Ca2+ signaling are required for engulfment (Cuttell et 
al., 2008; Ziegenfuss et al., 2008). The ced-5 and ced-10 orthologs, mbc and Rac1, have 
partial effects on cell competition, suggesting that this pathway plays a more minor role 
in engulfment than the CED-1,6,7 pathway in flies (Li and Baker, 2007). 
 Activation of the stress-activated MAP kinases, c-Jun N-terminal kinase (JNK) 
and p38, has been shown to be an early event following recognition of apoptotic cells by 
macrophages and epithelial cells in mammals, but a requirement for these pathways has 
not been demonstrated (Patel et al., 2006; Patel et al., 2010). The Drosophila JNK 
pathway is well characterized for its roles in development, innate immunity, and 
apoptosis (Stronach, 2005; Igaki, 2009). Recently the JNK pathway was shown to be 
required for the removal of imaginal disc cells succumbing to cell competition (Ohsawa 
et al., 2011), suggesting that JNK may play an evolutionarily conserved role in promoting 
engulfment.  
 The Drosophila ovary is an established model for many aspects of cell biology, 
but efferocytosis is not well characterized. Cell death of developing egg chambers can be 
induced during mid-oogenesis by the removal of protein from the diet (Pritchett et al., 
2009). Dying mid-stage egg chambers display a reproducible series of morphological 
events, with the germline nurse cells showing the first obvious signs of degeneration 
(Giorgi and Deri, 1976; Nezis et al., 2000; Peterson et al., 2003). Fly ovaries have few 
circulating cells such as macrophages (King, 1970), indicating that germline remnants are 
removed largely by non-professional phagocytes. Indeed, the epithelial follicle cells, 
which surround developing germline cysts, have been shown to engulf the nurse cell 
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remnants (Giorgi and Deri, 1976; Mazzalupo and Cooley, 2006; Tanner et al., 2011), but 
the engulfment mechanisms are unknown.  
 Here we show that the Drosophila ovary provides a powerful in vivo system for 
the study of engulfment by non-professional phagocytes. Unlike the redundant pathways 
described in other systems, we find that the Draper pathway alone is essential for corpse 
clearance by follicle cells. We have determined that Draper activates the JNK pathway, 
which is also required for engulfment, and that JNK activity feeds back to promote an 
increase in Draper protein in engulfing cells. Remarkably, activation of JNK can restore 
engulfment in the absence of Draper. Our findings indicate that the Draper and JNK 
pathways are critical activators of engulfment in non-professional phagocytes. 
 
3.2 Drosophila follicle cells coordinately engulf dying germline cells 
 To visualize engulfment in egg chambers, we obtained strains expressing GFP 
restricted to germline cytoplasm, so that uptake by surrounding follicle cells could be 
detected. Flies were starved to induce PCD, and egg chambers were labeled with an 
antibody against Discs large (anti-Dlg), a scaffolding protein that labels follicle cell 
membranes. Egg chambers were categorized into “Phases” (Ph) of death, based on nurse 
cell nuclear morphology (Table 2.2). Healthy egg chambers (Figure 3.1A, Ph0) have 
nurse cells with dispersed chromatin and are surrounded by a thin layer of follicle cells. 
As previously described (Pritchett et al., 2009), the first signs of egg chamber 
degeneration were observed in nurse cell nuclei which displayed condensed chromatin, 
progressing to nuclear fragmentation (Figure 3.1B-F). Follicle cells initially did not show 
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any uptake of nurse cell cytoplasm (Figure 3.1B, Ph1), but as nurse cell chromatin 
condensed, germline GFP was engulfed by surrounding follicle cells, which 
synchronously enlarged (Figure 3.1C-D, Ph2-3). The germline appeared to be taken up 
through macropinocytosis, consistent with previous studies using electron microscopy 
(Giorgi and Deri, 1976; Tanner et al., 2011). As PCD proceeded, follicle cells grew and 
the germline shrunk as it was engulfed by follicle cells (Figure 3.1E, “Ph4”). During late 
phases of death, the germline region was reduced to a small sliver and completely 
engulfed by enlarged follicle cells (Figure 3.1F, “Ph5”). Quantification of engulfment by 
measuring GFP intensity or germline area (Figure 2.6) showed a decrease beginning in 
Ph2, that steadily declined until there was little germline remaining (Figure 3.1G). The 
area measurement showed a more dramatic decrease, presumably because GFP 
fluorescence declined during engulfment.  
 To determine an approximate time course of cell death and engulfment, we 
starved flies for increasing amounts of time and quantified the number of egg chambers 
in each phase of death. We found that all phases of death were present regardless of the 
amount of time starved, but there were some differences in the frequency of each phase. 
In flies that were not starved, we found a basal level of dying egg chambers in each phase 
of death (Figure 3.2). After 4 hours of starvation, we observed an increase in the number 
of dying egg chambers, especially early dying (Ph1) egg chambers (Figure 3.2). After 8 
or 18 hours of starvation we observed a shift towards a higher frequency of late dying 
(Ph5) egg chambers (Figure 3.2). These data demonstrate that egg chambers undergo 
PCD in response to starvation within 4 hours, and suggest that the cell death and 
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engulfment process takes approximately 8 hours. However, live imaging experiments 
would provide a more accurate time course. To obtain egg chambers in all phases of 
death, we chose to starve flies for 16-20 hours for all of our analyses.   
 
3.3 The receptor Draper is required for engulfment by follicle cells 
 The engulfment receptor Draper and related molecules are established 
components of the phagocytosis machinery (Kinchen and Ravichandran, 2007). To 
determine whether Draper was involved in the phagocytosis of nurse cells, we stained 
ovaries of starved flies with antibodies against Draper (Figure 3.3A-C). Healthy egg 
chambers showed low levels of Draper staining around follicle cell membranes (Figure 
3.3A). Once nurse cell nuclei began to condense and follicle cells started to enlarge, 
Draper became enriched on the apical membrane of engulfing follicle cells, bordering the 
germline (Figure 3.3B). Draper staining intensity peaked at Ph5 (Figure 3.3C). In 
addition to plasma membrane staining, Draper was detected in punctate speckles within 
the follicle cell cytoplasm. These data suggest that Draper is up-regulated throughout 
engulfment and that Draper becomes clustered and internalized during phagosome 
formation. 
 To determine whether Draper was required for engulfment, we examined ovaries 
from flies carrying the draper∆5 mutation, a null allele (Freeman et al., 2003). draper∆5 
mutant egg chambers developed normally through mid-oogenesis, and healthy Ph0 egg 
chambers resembled the control (Figure 3.4A-B). However, follicle cells of degenerating 
egg chambers from starved draper∆5 flies showed significant defects in engulfment and 
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failed to enlarge as nurse cell chromatin condensed (Figure 3.4B’). draper∆5 follicle cells 
also showed little engulfment, with minimal uptake of nurse cell nuclear fragments and 
germline GFP. As death progressed, draper∆5 follicle cells died without clearing most 
nurse cell debris (Figure 3.4B’’). Quantification demonstrated that by Ph2 of death, there 
was significantly more unengulfed germline in the draper∆5 egg chambers compared to 
the control (Figure 3.4D). Furthermore, draper∆5 mutants had more than a six-fold 
increase in the number of Ph5 egg chambers compared to controls, indicating a 
pronounced defect in corpse removal (J.I. Etchegaray, personal communication). 
Importantly, significant defects in engulfment were apparent prior to massive follicle cell 
death in draper∆5 mutants, suggesting that engulfment defects were not a consequence of 
follicle cell death (Figure 3.5). These results demonstrate that Draper is crucial for proper 
engulfment of the dying germline during mid-oogenesis.  
 Since the draper∆5 mutation affects both the nurse cells and follicle cells, we 
assessed whether it was required specifically in the engulfing follicle cells. We performed 
a follicle cell-specific knockdown of draper by expressing UAS-draperRNAi with the 
follicle cell-specific GR1-GAL4 driver (Figure 2.1). Follicle cell-specific knockdown of 
draper prevented follicle cell enlargement and nurse cell debris uptake, similar to 
draper∆5 (Figure 3.4C-C’’’, D). Again, significant defects in engulfment were apparent 
prior to massive follicle cell death (Figure 3.5). Interestingly, inhibition of caspases (via 
overexpression of Diap1) in the follicle cells of draperRNAi egg chambers did not block 
follicle cell death, suggesting that the premature death of the follicle cells in engulfment 
mutants is caspase-independent.  
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These data demonstrate that draper is specifically required in the follicle cells for 
engulfment of the dying germline. 
  Additionally, we rescued the draper∆5 defect by overexpressing draper in the 
follicle cells. In these egg chambers, follicle cells enlarged and took up germline debris, 
similar to wild-type (Figure 3.6A-A’’, C). Furthermore, the rescued draper∆5 follicle cells 
did not show premature death. These results show that draper is specifically required in 
follicle cells for proper engulfment of nurse cells during starvation-induced PCD. We 
also made draper∆5 germline clones to determine if draper was required in the germline 
(J.I. Etchegaray, personal communication). The majority of egg chambers in these clones 
had proper engulfment; however there were some that had somewhat aberrant 
engulfment, likely because the protocol for creating germline clones leads to some 
unmarked follicle cell clones (Laundrie et al., 2003; Peterson and McCall, 2013).  
 To further analyze the role of draper in engulfment we overexpressed draper in 
follicle cells of wild-type egg chambers (Figure 3.6B-B’’’). Interestingly, we found that 
draper overexpression in the follicle cells was sufficient to induce germline PCD in the 
egg chambers of unstarved flies. Nurse cells condensed and fragmented in stage 8-9 egg 
chambers, but instead of engulfing, the follicle cells thinned out during the early phases 
of PCD (Figure 3.6B’). By Ph4, the follicle cells engulfed normally, culminating in the 
removal of the germline (Figure 3.6B’’). These findings indicate that overexpression of 
draper is sufficient to induce nurse cell death, but that there is a delay between the onset 
of death and engulfment compared to wild-type. The delay could be because egg 
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chambers from well-fed flies lack “eat me” signals or starvation-induced signals for 
engulfment, or that draper-induced death has delayed exposure of “eat me” signals.  
 
3.4 Follicle cells require a subset of known engulfment genes 
 We next determined whether other known engulfment genes were required in 
follicle cells for removal of the dying germline by conducting a candidate gene screen 
(Table 3.1). The kinase Shark is known to act downstream of Draper in glia (Ziegenfuss 
et al., 2008) and Rac1 is a conserved GTPase required for cytoskeletal rearrangements 
that occur during engulfment (Kinchen et al., 2005; Li and Baker, 2007). Follicle cells 
failed to enlarge in degenerating egg chambers when Rac1 (GR1-GAL4 > UAS-Rac1DN 
(dominant negative)) or shark (GR1-GAL4 > sharkRNAi) was knocked down specifically in the 
follicle cells (Figure 3.7). By Ph4-5 of cell death, nurse cell and follicle cell debris 
lingered in both sharkRNAi and Rac1DN egg chambers (Figure 3.7B’’, C’’), and follicle 
cells died prematurely, similar to draper mutants. Quantification demonstrated that there 
was significantly more unengulfed germline when shark or Rac1 were knocked down in 
follicle cells (Figure 3.7D), compared to the control. Furthermore, significant defects in 
engulfment were observed prior to massive follicle cell death, indicating that engulfment 
defects were not caused by premature follicle cell death (Figure 3.8). Thus, shark and 
Rac1 are required in follicle cells for proper engulfment during starvation-induced PCD. 
Whereas draper and shark-deficient follicle cells resembled wild-type when flies were 
well-fed, egg chambers of Rac1DN flies displayed follicle cell death even without 
starvation, indicating that Rac1 is required for another aspect of follicle cell function. 
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However, Rac1 DN follicle cells from starved flies usually did not die until later phases, 
suggesting that follicle cell death is not responsible for the engulfment defects.  
 Ced-12 (ELMO) is a member of the Ced-2,5,12 pathway demonstrated to act in 
parallel to draper/Ced-1 in both Drosophila and C. elegans (Mangahas and Zhou, 2005; 
Ziegenfuss et al., 2008). We investigated whether the knockdown of Ced-12 in the 
follicle cells causes defects in engulfment during mid-oogenesis. Indeed, when Ced-12 
was knocked down specifically in the follicle cells, egg chambers had engulfment defects 
including lingering germline debris, failure in follicle cell enlargement, and premature 
follicle cell death (Figure 3.9A-B). However, this phenotype was less severe than the 
draper knockdown, as engulfment defects were only apparent in some egg chambers. We 
also examined draper Ced-12 double knockdowns and found that there were severe 
defects in engulfment, including lingering nurse cell material and premature death of the 
follicle cells (Figure 3.10). However, these data are preliminary and it is unclear whether 
the severity of engulfment defects is stronger in the double knockdown. Interestingly, we 
found that sponge, a DOCK family protein known to bind Ced-12 and activate Rac1 
(Eguchi et al., 2013) was required in the follicle cells for engulfment of the dying nurse 
cells (Figure 3.9C). Therefore, Ced-12 and sponge are required in the follicle cells for 
engulfment of the dying germline. We also investigated mutants of simu (Kurant et al., 
2008) and prêt-a-porter (Kuraishi et al., 2009), but neither displayed defects in 
engulfment, suggesting that only a subset of known engulfment genes are required in 
follicle cells.  
 
	  71	  	  
3.5 JNK signaling is required for engulfment by the follicle cells 
 The increase in Draper levels in engulfing follicle cells suggested that signaling 
pathways are activated in follicle cells to increase their competence for engulfment. The 
JNK pathway has been shown to be activated in engulfing mammalian macrophages and 
non-professional phagocytes (Patel et al., 2006; Patel et al., 2010), making it an excellent 
candidate pathway to be involved in germline engulfment. To visualize JNK activity, egg 
chambers carrying a lacZ enhancer trap in the JNK target gene puckered (Martin-Blanco 
et al., 1998) were analyzed with anti-β-gal (Tracy Pritchett). Egg chambers were co-
labeled with anti-Draper to visualize the timing of JNK activity relative to Draper 
induction. Healthy egg chambers had no β-gal staining and minimal Draper staining in 
mid-stage egg chambers (Figure 3.11A). Ph1 dying egg chambers displayed activation of 
puc-lacZ in a few follicle cells and had increased Draper staining, particularly in posterior 
follicle cells (Figure 3.11B). Antibody staining indicated that the increase in Draper 
levels preceded puc-lacZ activation. As the egg chambers progressed through death, puc-
lacZ activation and Draper staining became widespread and robust in follicle cells of 
Ph4-5 dying egg chambers (Figure 3.11C-D).  
 The increase in JNK activity in engulfing follicle cells suggested that JNK might 
be required for engulfment. To investigate a role for JNK (called basket or bsk in flies), 
egg chambers overexpressing dominant negative bsk (bskDN ) (Adachi-Yamada et al., 
1999) in the follicle cells and germline-specific GFP were examined. Healthy egg 
chambers appeared wild-type (Figure 3.12A-B) and Ph1-2 dying egg chambers began the 
process of engulfment, including the enlargement of the follicle cells and uptake of 
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germline GFP (Figure 3.12B’). However, there were engulfment defects seen in Ph3-5 
dying egg chambers. Follicle cells failed to enlarge, no longer stained for Dlg, and the 
follicle cell nuclei became pyknotic, indicating that the follicle cells were dying (Figure 
3.12B’’-B’’’, Table 3.2). Furthermore, nurse cell nuclei and germline GFP were not taken 
up by the follicle cells. Ph3-5 egg chambers in wild-type had < 50% of unengulfed 
remaining germline, while bskDN mutants had 100% remaining germline (Figure 3.12D). 
Similar engulfment defects were seen by knocking down bsk in the follicle cells with 
RNAi, including the lack of follicle cell enlargement, pyknotic follicle cells, and 
lingering germline material (Figure 3.12C-C’’’, D, Table 3.2). In unstarved flies 
expressing bskDN or bskRNAi in the follicle cells, there were few degenerating egg 
chambers, indicating that the death of the follicle cells was due to engulfment defects and 
not a general requirement for bsk. To determine if premature death of the follicle cells in 
engulfment mutants occurs via apoptosis, we overexpressed the caspase inhibitor Diap1, 
in follicle cells that also expressed bskDN. We found that inhibition of caspases did not 
prevent premature follicle cell death in bskDN engulfment defective egg chambers, 
suggesting that follicle cell death is non-apoptotic (Figure 3.13).   
 To further investigate whether the JNK pathway is important in the follicle cells 
for engulfment, we expressed RNAi against kayak (mammalian ortholog: fos) and jra 
(mammalian ortholog: jun) , which encode components of the dimeric transcription 
factor, AP-1. We found that when kayak or jra were knocked down specifically in the 
follicle cells with RNAi, there were strong defects in engulfment including follicle cells 
that failed to enlarge and engulf germline debris, and premature follicle cell death. 
	  73	  	  
(Figure 3.14A-C). We also found that the AP-1 scaffold Connector of kinase to AP-1 
(Cka) was specifically required in the follicle cells for proper engulfment (Figure 3.14D-
E). Together, these data demonstrate that downstream components of the JNK pathway 
are required in the follicle cells for engulfment.   	  
3.6 Upstream components of the JNK signaling pathway are required for 
engulfment 
 In Drosophila, the JNK pathway is simpler compared to mammals, with only one 
JNK (bsk) and two JNK kinases (JNKK) (Stronach, 2005). However, upstream of the 
JNKKs, there is increased complexity with six putative JNKK kinases, activated by 
multiple upstream pathways (Figure 1.4). One upstream regulator is Rac1, which we have 
demonstrated to be required for engulfment by follicle cells (Figure 3.7). To determine if 
other upstream activators of the JNK signaling pathway were required, we expressed 
RNAi constructs against several components of the JNK pathway specifically in the 
follicle cells of starved flies (Table 3.1). We found that follicle cells in dMekk1RNAi egg 
chambers failed to enlarge and died prematurely, similar to bskDN and bsk RNAi (Figure 
3.15B-B’’’, D, Table 3.2). In the absence of starvation, mid-stage egg chambers appeared 
normal, indicating that the follicle cell phenotype was due to defective engulfment and 
not a general requirement for dMekk1. We additionally analyzed mutants of eiger, which 
encodes the fly TNF ortholog and is a ligand known to activate the JNK pathway (Igaki 
et al., 2002; Moreno et al., 2002). Follicle cells in eiger mutant egg chambers failed to 
enlarge and take up nurse cell debris, and died prematurely (Figure 3.15C-C’’’, D, Table 
3.2). Whereas engulfment defects were observed in 100% of egg chambers of eiger1 
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mutants, the severity of the engulfment phenotype was more variable in eiger3 mutants. 
As both alleles are null (Igaki et al., 2002), the reasons for these differences are unclear. 
Furthermore, whether eiger is required in the follicle cells, nurse cells, or both for 
engulfment of the dying germline remains unclear. Our findings demonstrate the 
requirement for JNK signaling in the follicle cells and the involvement of the upstream 
signaling components, eiger, Rac1, and dMekk1.  
 Interestingly, we often observed that egg chambers with defective engulfment 
contained large nurse cell nuclear remnants in late phases of death. Therefore, we 
measured the diameter of the largest nurse cell nucleus in a central confocal slice in 
control and engulfment defective egg chambers. We found in each of the mutants 
analyzed (draper, shark, Rac1, bsk, dMekk1, and eiger) that the nurse cell nuclear 
remnants were larger than the control, and this difference was often significant (Figure 
3.16). These data suggest that engulfment machinery in the follicle cells may play a role 
in the DNA fragmentation of the nurse cells. However, follow-up studies are required to 
determine the role of phagocytosis machinery in the death of the nurse cells.   	  
3.7 JNK acts downstream of Draper to promote engulfment 
 Because both draper and JNK pathway mutants displayed defects in engulfment 
by follicle cells, we wished to determine if they acted in the same pathway, and if so, 
which gene acted upstream. To determine if overexpression of draper was sufficient to 
activate JNK, we examined expression of puc-lacZ in ovaries from well-fed flies 
overexpressing draper in follicle cells (Figure 3.17A). puc-lacZ was induced in these egg 
chambers before they showed any signs of degeneration (Figure 3.17A’). puc-lacZ was 
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first detected in anterior follicle cells, but then gradually spread to all follicle cells, and 
increased as the germline began to die (Figure 3.17A’’-A’’’). Interestingly, puc-lacZ was 
not detected until stage 8 of oogenesis, indicating that Draper is sufficient to activate 
JNK, but only during mid-oogenesis.  
 To confirm that Draper acts upstream of JNK, we examined puc-lacZ expression 
in starved draper∆5 mutants (Figure 3.17B-B’’’). Consistent with the overexpression 
results, puc-lacZ was not induced in Ph1-2 (Figure 3.17B’-B’’), but surprisingly was 
detected in some follicle cells of late phase degenerating egg chambers (Figure 3.17B’’’). 
These observations suggest that Draper activates JNK in engulfing follicle cells, but 
another pathway can activate JNK in the late phases of germline PCD. One candidate is 
Ced-12, which has been shown to act in parallel to draper (Kinchen et al., 2005; 
Mangahas and Zhou, 2005; Ziegenfuss et al., 2008) and is required in the follicle cells for 
engulfment (Figure 3.9). Initial experiments suggest that Ced-12 is also required in the 
follicle cells for activation of the JNK pathway (Figure 3.18).  
 To determine if JNK activity promotes the increase in Draper levels during 
engulfment, we examined egg chambers from starved flies expressing bskDN in the 
follicle cells. Draper staining was observed on follicle cell membranes in early dying egg 
chambers, but declined as the follicle cells died. We additionally overexpressed 
constitutively active (CA) hep (Adachi-Yamada et al., 1999), which encodes a JNKK. 
Activation of the JNK pathway led to an increase in Draper in the follicle cells of healthy 
egg chambers in the absence of starvation (Figure 3.19A). Furthermore, the hepCA 
expressing follicle cells from unstarved flies displayed a hyper-engulfment phenotype in 
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which they invaded and surrounded apparently healthy nurse cells, culminating with 
follicle cells engulfing intact nurse cells and inducing their death (Figure 3.19B-C). When 
hepCA is overexpressed, the induction of Draper was widespread, and very few egg 
chambers developed to late stages (Figure 3.19D). These results indicate that JNK 
activity is sufficient to induce Draper and engulfment of the germline in the absence of 
starvation.  
 To further examine the relationship between JNK and Draper, we carried out 
epistasis analysis. First, we expressed hepCA in a draper∆5 mutant background (Figure 
3.20). Overexpression of hepCA in follicle cells led to the formation of many abnormal 
egg chambers, but close examination showed that hepCA could restore engulfment in 
draper∆5 mutant egg chambers, as seen by enlargement of follicle cells and uptake of 
germline GFP (Figure 3.20A-A’’, B-D). Furthermore, expression of hepCA still led to 
hyper-engulfment of the germline in a draper mutant background (Figure 3.20A’’’, E). 
These findings support our previous conclusion that JNK acts downstream of Draper, but 
also reveal that, remarkably, draper is not required for engulfment in the presence of 
activated JNK.  
 We also conducted the reverse epistasis analysis in which we overexpressed 
draper in follicle cells also expressing bskRNAi. Compared to the engulfment defects 
observed when bsk was knocked down in the follicle cells (Figure 3.21B,E), the 
overexpression of draper suppressed the engulfment defective phenotype (Figure 3.21C, 
E), and resembled the wild-type control (Figure 3.21A,E). Given that bsk was knocked 
down via RNAi, it is possible that basket is still partially functional in these flies. The 
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overexpression of draper alone typically resulted in normal engulfment, although some 
egg chambers were hyper-engulfing the nurse cells (Figure 3.21D-E). We also conducted 
epistasis analysis with bskDN and UAS-draper, but found that this combination was lethal 
even at low temperatures. These data suggest that bsk is not required for engulfment 
when draper is overexpressed.  	  
3.8 Caspase activity in the dying germline is necessary but not sufficient for 
engulfment 
 We next determined if engulfment by follicle cells was dependent on caspase 
activity in the dying germline. Inhibition of caspases in the germline leads to a striking 
“undead” egg chamber phenotype where nurse cell nuclei fail to condense, but follicle 
cells disappear (Figure 1.8D) (Laundrie et al., 2003). To determine if engulfment was 
initiated when caspases were inhibited in the germline, we starved flies and examined egg 
chambers that were starting to show morphological abnormalities, but still had most of 
their follicle cells (Figure 3.22A-B). We examined egg chambers from Dcp-1prev1 
homozygous mutants (where both follicle cells and nurse cells lack Dcp-1), and found 
that engulfment was largely inhibited with only occasionally enlarging follicle cells 
(Figure 3.22A). Some engulfment by follicle cells was seen in the Dcp-1 mutant, so we 
examined whether inhibition of additional caspases would show a stronger phenotype. 
Egg chambers overexpressing the caspase inhibitor Diap1 in the germline also showed a 
partial inhibition of engulfment (Figure 3.22B), suggesting that Dcp-1 is the major 
caspase mediating engulfment signals. To determine if Dcp-1 was sufficient to induce 
engulfment, we overexpressed Dcp-1 in the germline. Although engulfment by follicle 
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cells was observed, it was delayed compared to wild-type (Figure 3.22C-D), suggesting 
that Dcp-1 does not induce engulfment directly, but that subsequent events in the dying 
nurse cells can induce engulfment. 
 To further investigate the role of caspases in activating engulfment in the 
surrounding follicle cells, we examined Draper and JNK induction. Surprisingly, we saw 
induction of both Draper and JNK in Dcp-1 mutants and in egg chambers overexpressing 
Diap-1 in the germline (Figure 3.22A-B, Figure 3.23A-B, starved flies). This indicates 
that Dcp-1 acts in a pathway independent of JNK and Draper induction. Consistent with 
these findings, we found that germline overexpression of Dcp-1 in the absence of 
starvation led to Draper and JNK induction (Figure 3.22C-D, Figure 3.23C-D), but it was 
delayed compared to wild-type, based on nurse cell chromatin morphology. These 
findings indicate that JNK and Draper are activated independently of caspase activity in 
nurse cells, and their activation alone is not sufficient to drive engulfment. This suggests 
that at least two pathways are required for engulfment: one caspase-dependent and one 
acting through JNK and Draper. 	  
3.9 Discussion 
 How non-professional phagocytes respond to dying cells and modulate their 
phagocytic capabilities is unclear. Here we have used the Drosophila melanogaster ovary 
as a model to study engulfment by non-professional phagocytes. In this system, the 
germline can be induced to undergo PCD upon starvation. Following the initiation of 
PCD, a layer of epithelial follicle cells synchronously engulfs the dying germline. We 
have shown that the engulfment genes draper, shark, and Rac1 are required for 
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engulfment by follicle cells. We have also found that the JNK pathway is specifically 
activated during engulfment and is required for proper engulfment by follicle cells. Our 
analysis suggests that draper and JNK are involved in a circuit, where the dying germline 
activates Draper, which activates JNK, and JNK signaling leads to an increase in Draper 
and likely other engulfment genes (Figure 5.1). Surprisingly, activation of JNK is 
sufficient to rescue draper engulfment defects, indicating that other pathways can carry 
out engulfment in the absence of draper. A likely candidate pathway is CED-2,5,12, 
which can promote engulfment in the absence of ced-1 in C. elegans (Mangahas and 
Zhou, 2005).   
 In other systems, such as C. elegans and mammalian macrophages, there is 
redundancy among engulfment pathways (Kinchen and Ravichandran, 2007, 2010). In 
Drosophila embryos lacking draper, unprocessed apoptotic particles are detected within 
glia (Kurant et al., 2008), suggesting that other pathways can facilitate engulfment of 
corpses. However in follicle cells, draper is essential for corpse removal. This may be 
because follicle cells die if they are engulfment-defective, and there may not be time to 
activate redundant pathways prior to follicle cell death. It is important to note that draper 
(and JNK pathway) mutant follicle cells survive in healthy egg chambers under starvation 
conditions; it is only during terminal phases of egg chamber degeneration that they die 
(Figure 3.5, Figure 3.8, Table 3.2). Why do the follicle cells die if they are engulfment-
defective? Perhaps they have a metabolic requirement, and starve if they cannot obtain 
nutrients from the germline. Another possibility is that follicle cells are programmed to 
die after completing engulfment, and this PCD may be activated prematurely if 
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engulfment is defective. Mammalian macrophages eliminate themselves after engulfment 
of specific pathogens or following efferocytosis in ABC transporter mutants (Navarre and 
Zychlinsky, 2000; Yvan-Charvet et al., 2010). Alternatively, follicle cells may die 
because of death “by confusion”, where disruption of the proper signaling network 
culminates in PCD.  We attempted to block follicle cell death by expression of caspase 
inhibitors p35 and Diap1, but follicle cell death was still observed in control, draper∆5 
and bskDN-expressing egg chambers, indicating that follicle cells die via a caspase-
independent pathway. 
 In mammals, JNK is activated in engulfing professional and non-professional 
phagocytes (Patel et al., 2006; Patel et al., 2010), although it remains to be determined 
whether JNK is required for engulfment. In Drosophila, JNK has been found to be 
required for the removal of imaginal disc cells succumbing to cell competition (Ohsawa 
et al., 2011), and for the removal of severed axons (Macdonald et al., 2013). These 
findings suggest that JNK may play a conserved role in engulfment. To our knowledge, a 
role for JNK in engulfment has not been explored in C. elegans and no transcription 
factor has been shown to activate engulfment genes. This is surprising since levels of 
CED-1 increase in engulfing cells (Zhou et al., 2001). 
  How does JNK become activated during engulfment?  It may occur via Shark, a 
kinase that has been shown to interact with both Draper and JNK in Drosophila 
(Fernandez et al., 2000; Tran and Berg, 2003; Ziegenfuss et al., 2008). Another candidate 
is Rac1, which can act upstream of JNK and may act downstream of Draper (Kinchen et 
al., 2005). Interestingly, JNK activity is sufficient to restore engulfment in draper null 
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egg chambers, suggesting that Draper’s primary role is to activate JNK. Thus, functions 
attributed to Draper such as actin reorganization, calcium signaling, the formation of 
junctional complexes, and autophagy (Cuttell et al., 2008; McPhee and Baehrecke, 2010), 
may depend on JNK activity. Indeed, JNK has been shown to induce autophagy genes in 
Drosophila (Wu et al., 2009).   
 Remarkably, draper or hepCA overexpression in follicle cells promoted death of 
egg chambers even when flies were not starved. To our knowledge, this is the first time 
that overexpression of an engulfment gene has been shown to induce non-autonomous 
cell death. In other systems, engulfment can promote the death of cells that are weakened, 
perhaps on the brink of death. For example, mutations in engulfment genes can lead to 
the survival of cells fated to die in C. elegans ced-3 hypomorphs (Hoeppner et al., 2001; 
Reddien et al., 2001), and to the survival of “loser” cells in Drosophila imaginal discs (Li 
and Baker, 2007). In mammals, neuronal exposure to amyloid Aβ peptide or LPS leads to 
cell death, which can be inhibited by blocking phagocytosis (Neher et al., 2011; 
Neniskyte et al., 2011). Interestingly, treated neurons transiently expose 
phosphatidylserine, perhaps to announce their vulnerability. Our findings differ from 
these scenarios in that the egg chambers are healthy. However, mid-stage egg chambers 
are more susceptible to death stimuli than egg chambers at other stages of oogenesis 
(McCall, 2004). Overexpression of Draper in early oogenesis did not lead to egg chamber 
death, but death was observed later in mid-oogenesis. Thus, it may be that Draper is not 
sufficient to kill the germline until mid-oogenesis, when it is more vulnerable. The 
factors that contribute to this vulnerability are unknown.  
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 Overexpression of draper in follicle cells led to death of the underlying nurse 
cells before there was any engulfment by the follicle cells, suggesting that draper 
produces a death signal that is sent to the germline. Similarly, in flies that were treated 
with rapamycin to mimic starvation, the follicle cells induced death of the germline 
(Thomson and Johnson, 2010). Overexpression of the JNKK hepCA led to destruction of 
egg chambers earlier in oogenesis than overexpression of draper, suggesting that JNK 
did not require the vulnerability at mid-oogenesis. Furthermore, hepCA expressing follicle 
cells engulfed intact nurse cells (“hyper-engulfment”), rather than inducing death first. 
This phenotype resembles the process of entosis, where living cells are engulfed by their 
neighbors (Overholtzer et al., 2007).  
 Germline PCD in mid-oogenesis requires caspases, and our results indicate that 
caspase activity is required to stimulate follicle cells to engulf the germline. Surprisingly, 
germline caspase activity was not necessary or sufficient to activate JNK or induce 
Draper in the follicle cells. This suggests that a caspase-dependent pathway, distinct from 
the pathway(s) that activate Draper-JNK, is required for engulfment in mid-oogenesis. 
The caspase-dependent signal and the responding pathway in the follicle cells remain to 
be elucidated. Another open question is how Draper, and thereby JNK, become activated 
in response to the dying germline. The complexity of cell surface modifications that 
occur during apoptosis will make this a challenge to determine. Draper and JNK may 
become activated directly in the follicle cells in response to starvation, however this 
scenario seems less likely than activation by the dying germline for two reasons. First, 
many egg chambers do not die immediately upon starvation, and activation of Draper and 
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JNK was observed only in egg chambers that had begun to die.  Second, germline death 
triggered by overexpression of dcp-1 could lead to Draper and JNK activation in follicle 
cells in the absence of starvation.  The activation of JNK and Draper illustrate ways in 
which non-professional phagocytes change in response to apoptotic cells. Future work 
will reveal the network of pathways activated in non-professional phagocytes to enhance 
apoptotic cell clearance. 	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Figure 3.1 Progression of cell death and engulfment 
 
Egg chambers from starved flies were stained with DAPI to label DNA (cyan, top 
panels), and anti-Dlg (magenta, lower panels). Egg chambers express a germline-specific 
GFP gene trap (G89, green). Bottom panels are enlargements of boxed regions in middle 
panels. State of chromatin condensation and fragmentation is used to characterize the 
different “phases” of egg chamber degeneration. (A) Healthy (Ph0) egg chamber shows 
dispersed chromatin in nurse cell nuclei, and follicle cell nuclei surround the egg 
chamber. (B-F) Progression of cell death. Nurse cell nuclei become highly condensed and 
fragmented (arrows). Middle and lower panels show that follicle cell membranes enlarge 
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and engulf germline GFP (arrowheads). (B) Ph1, nurse cell chromatin is disordered. (C) 
Ph2, nurse cell chromatin is condensed but individual nuclear regions are still apparent. 
(D) Ph3, nurse cell chromatin becomes highly condensed into individual balls. (E) Ph4, 
nurse cell chromatin is fragmented and widely dispersed. (F) Ph5, few nurse cell nuclear 
fragments remain. Scale bar=50 µm. (G) Quantification of engulfment from control 
(G71/+ and GR1-GAL4 G89/TM6B) shows decrease in germline GFP and area as death 
progresses. Error bars = SEM. 
 
Credit: Images acquired by Adam Klein 
 
 
	  86	  	  
Figure 3.2 Drosophila egg chambers respond rapidly to starvation 
 
 
 
The mean number of degenerating egg chambers at each phase per 100 ovarioles is 
shown. Three different control genotypes were combined and averaged: w1118, UAS-
mCD8-GFP/GR1-GAL4, and draper∆5 /+. At least five replicates with a minimum of 44 
total flies for each time point were analyzed. All flies were 3-6 days old after two days of 
conditioning and were starved on apple juice agar plates as described in chapter two. 
Within four hours of starvation, there is an increase in the number of early dying (Ph1) 
egg chambers. After 8 or 18 hours of starvation, the majority of egg chambers are in late 
phases (Ph5) of death. Error bars = SEM.  
 
Credit: Experiment performed with assistance from Tracy L. Meehan  
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Figure 3.3 Draper is enriched in the follicle cells during engulfment of the dying 
nurse cells 
 
 
Wild-type (w1118) egg chambers (from starved flies) labeled with DAPI (cyan), anti-
Draper (yellow), and anti-Dlg (magenta). (A) Healthy egg chamber. (B) Ph3 dying egg 
chamber. (C) Ph5 egg chamber. Intensity of Draper staining increases in the follicle cells 
(arrowheads) as engulfment proceeds in dying egg chambers. Nurse cell nuclear 
fragments are internalized (arrow). Inset displays Draper puncta within follicle cells. 
Scale bar=50 µm. 
 
Credit: Jon Iker Etchegaray  
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Figure 3.4 Draper is required in follicle cells for the engulfment of the dying nurse 
cells 
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Egg chambers from starved flies express germline specific GFP (green) and were stained 
with DAPI (DNA, cyan), and anti-Dlg (magenta). Egg chambers are Ph0, 3 and 5 (left to 
right). (A-A”) Control (G71/+) egg chambers show normal death and engulfment. (B-B”) 
draper∆5 flies show normal healthy egg chambers (B) but are defective in engulfment 
(B’) and show premature follicle cell death (arrowheads) and lingering germline debris 
(arrows) (B”). (C-C”) Expression of draperRNAi in the follicle cells with GRI-GAL4 shows 
the same engulfment defective phenotype. Scale bar=50 µm. (D) Quantification of 
unengulfed germline. Degree and pattern of chromatin condensation were used as the 
primary criteria for assigning phases of death in mutant egg chambers. For Ph5 egg 
chambers, a reduced number of nurse cell nuclear fragments and/or >50% pyknotic 
follicle cell nuclei were additional criteria. Ph5 draper egg chambers show >100% 
unengulfed germline because of follicle cell death. p-values were determined using a 
two-tailed t-test and indicate significance compared to the control. * p<0.05, **p<0.005, 
*** p<0.001.   
 
Credit: Jon Iker Etchegaray 
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Figure 3.5 Follicle cell death in draper mutants occurs after significant defects in 
engulfment are observed 
 
The quantification of the percentage of pyknotic follicle cell nuclei in draper mutant egg 
chambers. Pyknotic follicle cells were counted and compared with the total number of 
follicle cells in a central confocal slide. n>3 egg chambers were analyzed for each phase 
and genotype. Some follicle cell death is apparent in Ph5 control egg chambers (G71/+ 
and GR1-GAL4 G89/TM6B). Follicle cell death is increased in Ph4-5 draper∆5 mutants 
and RNAi knockdown of draper (GR1-GAL4>draperRNAi). Purple arrow indicates when 
significant defects in engulfment were first apparent.   
 
Credit: Jon Iker Etchegaray 
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Figure 3.6 Overexpression of draper rescues engulfment in a draper null 
background. Overexpression of draper induces germline death and engulfment by 
the follicle cells in the absence of starvation 
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Egg chambers expressing germline specific GFP (G71, green were stained with DAPI 
(DNA, cyan), and anti-Dlg (magenta). Egg chambers are Ph0, 3 and 5 (left to right). (A-
A”) Overexpression of draper in the follicle cells of draper∆5 egg chambers suppresses 
engulfment defects. Follicle cells enlarge and take up nurse cell debris (arrows). (B-B”) 
Overexpression of draper in the follicle cells of otherwise wild-type egg chambers 
induces nurse cell death (flies NOT starved). Initially, follicle cells thin out  (arrowheads) 
(B’) but engulfment eventually begins and proceeds normally (B’’). (C) Percentages of 
egg chambers that show no engulfment, partial engulfment (less than wild-type), 
complete engulfment (similar to wild-type), and hyper-engulfment (engulfment before 
nurse cell chromatin condensation). 
 
Credit: Jon Iker Etchegaray 
 
	    
	  93	  	  
Figure 3.7 shark and Rac1 are required in the follicle cells for engulfment of the 
nurse cells during starvation induced PCD 
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Egg chambers from starved flies express germline-specific GFP (G71,green), and were 
stained with anti-Dlg (magenta), and DAPI (cyan). (A-A’’) Control (GRI-GAL4) shows 
normal progression of mid-oogenesis PCD. (B-B’’) Knockdown of shark specifically in 
the follicle cells (UAS-sharkRNAi/GRI-GAL4) causes defective clearance of nurse cells 
(arrow). Follicle cell membranes do not enlarge and GFP is largely absent in the follicle 
cells. Follicle cells are pyknotic (arrowheads) as in draper∆5 mutants. (C) Knockdown of 
Rac1 in the follicle cells (UAS-Rac1DN/GRI-GAL4) results in engulfment defective 
phenotype. Scale bar=50 µm. (D) Quantification of the unengulfed area. p-values were 
determined using a two-tailed t-test and indicate significance compared to the control.     
* p<0.05, ** p<0.005, *** p<0.001. 
 
Credit: Jon Iker Etchegaray 
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Figure 3.8 Increased follicle cell death in shark and Rac1 knockdowns occurs after 
the onset of engulfment defects. 
  
Quantification of the percentage of pyknotic follicle cell nuclei in shark and Rac1 
knockdowns. Pyknotic follicle cells were counted and compared with the total number of 
follicle cells in a central confocal slide. n>3 egg chambers were analyzed for each phase 
and genotype. Some follicle cell death is apparent in Ph5 control egg chambers (G71/+ 
and GR1-GAL4 G89/TM6B). In the shark knockdown (GR1-GAL4>sharkRNAi), follicle 
cell death increases in Ph4-5 dying egg chambers, after significant engulfment defects 
were observed (red arrow). In the Rac1 knockdown (GR1-GAL4> Rac1DN ), follicle cell 
death increases in Ph4-5 dying egg chambers, after the onset of engulfment defects (blue 
arrow). 
 
Credit: Jon Iker Etchegaray 
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Figure 3.9 Ced-12 and sponge required in the follicle cells for engulfment of the 
nurse cells 
 
Egg chambers from starved flies were stained with DAPI (cyan) and anti-Dlg (magenta) 
in order to visualize engulfment. (A) Control (GR1-GAL4) dying egg chamber with 
normal engulfment. (B) When Ced-12 is knocked down specifically in the follicle cells 
(GR1-GAL4/ UAS-Ced-12RNAi), there are defects in engulfment of the nurse cells, 
including lingering germline debris and premature follicle cell death (arrowheads). (C) 
The knockdown of sponge specifically in the follicle cells (GR1-GAL4/ UAS-spongeRNAi)  
causes severe defects in engulfment, such as premature follicle cell death (arrowheads) 
and failure to engulf the germline. Scale bar= 50 µm. 
 
Credit: Jeffrey Taylor 
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Figure 3.10 draper Ced-12 double knockdowns have severe engulfment defects 
 
Egg chambers from starved flies were stained with DAPI (cyan) and anti-Dlg (magenta) 
to label membranes. (A-C) Mixed sibling control egg chambers (lacking either the GAL4 
driver or the RNAi constructs) have a normal progression of engulfment. (D-F) draper 
Ced-12 double knockdowns (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 UAS-Ced-
12RNAi/GR1-GAL4 G89) have severe engulfment defects, including persisting germline 
debris and pyknotic follicle cell nuclei (arrowheads). Scale bar= 50 µm. 
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Figure 3.11 The JNK pathway is activated in follicle cells during engulfment 
 
Egg chambers from starved flies (puc-lacZ/TM3) were stained with DAPI (cyan), anti-
Draper (yellow), and anti-β-gal (red) to detect JNK activity. (A) Healthy egg chamber 
has basal levels of Draper and no activation of puc-lacZ. (B) Ph1 dying egg chamber 
begins to show induction of Draper and activation of puc-lacZ in the follicle cells 
(arrows). (C-D) Draper and puc-lacZ (arrows) are expressed robustly in the actively 
engulfing follicle cells of Ph4-5 dying egg chambers. Scale bar=50 µm.  
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Figure 3.12 basket is required in follicle cells during engulfment 
 
basket (bsk) was knocked down specifically in the follicle cells via the overexpression of  
dominant negative (DN) or RNAi constructs. Egg chambers were stained with DAPI 
(cyan) and anti-Dlg (magenta). Arrowheads indicate the pyknotic follicle cell nuclei or 
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follicle cells that have failed to enlarge. (A-A’’’) Control (GR1-GAL4 G89/TM6B) egg 
chamber expresses germline GFP (green) and has a normal progression of engulfment. 
(B-B’’’) Egg chambers express bskDN in the follicle cells (UAS-bskDN/+; GR1-GAL4 
G89/+) and germline GFP (green). (B) Healthy (Ph0) egg chamber. (B’) Early dying 
(Ph1) egg chamber looks normal. (B’’-B’’’) Late dying egg chambers (Ph4-5) display 
defects in engulfment. (C-C’’’) Egg chambers expressing bskRNAi in the follicle cells 
(GR1-GAL4/bskRNAi). (C) Healthy (Ph0) egg chamber. (C’) Early dying (Ph1) egg 
chamber shows some premature follicle cell death. (C’’) Mid-dying (Ph3) egg chamber 
displays engulfment defects, such as thinning on the follicle cell layer. (C’’’) Late dying 
(Ph5) egg chamber has severe defects in engulfment. Scale bar=50 µm. (D) 
Quantification of the unengulfed area. p-values were determined using a two-tailed t-test 
and indicate significance compared to the control. * p<0.05, ** p<0.005, *** p<0.001. 
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Figure 3.13 Follicle cell death in bskDN mutants is caspase independent 
 
The overexpression of Diap1 in the follicle cells of bskDN mutants fails to suppress 
premature death of the follicle cells. Egg chambers from starved flies were stained with 
DAPI (cyan) and anti-Dlg (magenta). (A) Control (UAS-GAL4/+;UASt-Diap1/TM6B) 
egg chamber has normal engulfment. (B) The overexpression of bskDN in the follicle cells 
(UAS-bskDN/+; UAS-GAL4/+;GR1-GAL4 G89/+) leads to severe engulfment defects, 
including premature follicle cell death (arrowheads). (C) The overexpression of Diap1 in 
the follicle cells of bskDN egg chambers (UAS-bskDN/+; UAS-GAL4/+; UASt-
Diap1/GR1-GAL4 G89) does not prevent follicle cell death (arrowheads). (D) The 
overexpression of Diap1 alone (UAS-GAL4/+; UASt-Diap1/GR1-GAL4 G89) does not 
cause engulfment defects.   	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Figure 3.14 kayak, jra, and Cka are required in the follicle cells for engulfment of the 
nurse cells 
  
(A-C) Egg chambers from starved flies were stained with DAPI (cyan) and anti-Dlg 
(magenta). (A) Control (GR1-GAL4) egg chamber has normal engulfment. (B-C) When 
kayak (GR1-GAL4/UAS-kayakRNAi) or jra (GR1-GAL4/UAS-jraRNAi) are knocked down in 
the follicle cells, there are strong engulfment defects including lingering nurse cell 
material and premature death of the follicle cells (arrowheads). Scale bar=50 µm. (E-F) 
Egg chambers from starved flies are stained with DAPI (blue). (E) Control (GR1-GAL4) 
egg chambers are dying normally (arrows). (F) The expression of CkaRNAi in the follicle 
cells (GR1-GAL4/UAS-CkaRNAi) leads to dying egg chambers that are engulfment 
defective (arrows).  
Credit: Images B and C were acquired by Jeffrey Taylor  
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Figure 3.15 Upstream components of the JNK pathway are required in follicle cells 
for engulfment 
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Egg chambers were stained with DAPI (cyan) and anti-Dlg (magenta). Arrowheads 
indicate the pyknotic nuclei of dying follicle cells or follicle cells that have failed to 
enlarge. (A-A’’’) Control (GR1-GAL4) egg chambers show normal progression of 
engulfment. (B-B’’’) Egg chambers express dMekk1RNAi in follicle cells (GR1-GAL4/ 
UAS- dMekk1RNAi) and display defects in engulfment (B) Healthy Ph0 egg chamber. B’) 
Mid-dying Ph3 egg chamber.  (B’’) Ph4 dying egg chamber. (B’’’) Ph5 dying egg 
chamber. (C-C’’’) eiger3 egg chambers show little follicle cell enlargement and 
premature death of the follicle cells.  (C) Healthy Ph0 egg chamber. (C’) Early dying Ph1 
egg chamber. (C’’) Ph2 dying egg chamber. (C’’’) Late dying Ph5 egg chamber. Scale 
bar=50 µm. (D) Quantification of the unengulfed area. p-values were determined using a 
two-tailed t-test and indicate significance compared to the control. * p<0.05, ** p<0.005, 
*** p<0.001.  
 	   	  
	  105	  	  
Figure 3.16 Engulfment mutants have defects in the breakdown of nurse cell nuclei 
in late phases of death 
 
 (A-D) Using ImageJ, the diameter of the largest remaining nurse cell nucleus was 
measured in phase 3-5 dying egg chambers from a central confocal slice. n >3 for each 
phase of death in every genotype. Control (G71/+ and GR1-GAL4 G89/TM6B) egg 
chambers display a gradual decrease from phase 3 to phase 5 in the average diameter of 
the largest remaining nurse cell nuclei. All of the engulfment-defective mutants show a 
larger nurse cell diameter size than controls, and all except draper∆5 and bskRNAi show 
statistically significant differences. p-values were determined using a two-tailed t-test and 
indicate significance compared to the control. * p<0.05, ** p<0.005, *** p<0.001.  
 
 
Credit: (A-B) performed by Jon Iker Etchegaray  
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Figure 3.17 Draper is necessary and sufficient to activate JNK signaling 
 
(A-A’’’) Egg chambers overexpressing draper in follicle cells show activation of puc-
lacZ (red, arrowheads; flies NOT starved). Egg chambers stained with DAPI (cyan) and 
anti-DCAD2 to label follicle cell membranes (blue). (B-B’’’) draper∆5 egg chambers 
from starved flies do not express puc-lacZ (red, arrowhead) until late phases of death. 
Egg chambers are stained as in (A) and express germline GFP (G71, green). Scale bar=50 
µm. 
 
Credit: Jon Iker Etchegaray 	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Figure 3.18 Ced-12 is required for the activation of JNK 
 
Egg chambers from starved flies express puc-lacZ  and were stained with DAPI (cyan), 
and anti-β-gal (red) to detect JNK activity. (A-A’) Control (puc-lacZ/TM3) dying egg 
chambers (arrows) have activated puc-lacZ. (B-B’) When Ced-12 is knocked down in the 
follicle cells (puc-lacZ/ GR1-GAL4 UAS-Ced-12RNAi), dying egg chambers (arrows) fail 
to have puc-lacZ activity.   	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Figure 3.19 JNK is sufficient to induce Draper and engulfment in the absence of 
starvation 
 
Egg chambers (from unstarved flies) overexpress hepCA in the follicle cells (tubulin-
GAL80ts /+; UAS-hepCA/ GR1 G89) and were stained with anti-Draper (red) and DAPI 
(cyan). Arrowheads indicate follicle cells and arrows indicate dying nurse cells. (A) 
Healthy (Ph0) egg chamber with Draper staining. (B-C) follicle cells have enriched 
Draper on their membranes and surround nurse cells, inducing their death (C) Lower 
magnification image shows widespread induction of Draper and few late stage egg 
chambers. Scale bar=50 µm. 	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Figure 3.20 Overexpression of hepCA suppresses engulfment defects in draper 
mutants 
 
Egg chambers were stained with anti-Dlg (magenta) and DAPI (cyan) and express 
germline GFP (G71, green). Overexpression of hepCA in draper∆5 background (tubulin-
GAL80ts /+; UAS-hepCA/G71;  draper∆5 GR1-GAL4/ draper∆5 flies incubated at 29°C, 
starved) suppresses the draper phenotype.  (A) Healthy egg chamber appears normal. 
(A’-A’’). Follicle cells enlarge (arrowheads) and engulf germline GFP. (A’’’) Some egg 
chambers show a hyper-engulfment phenotype, where follicle cells (arrowheads) engulf 
intact nurse cells (arrows). (B-D) Enlargements of follicle cells from Figure 3.4A’ (B), 
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Fig. 3.4B’ (C), and Figure 3.18A’ (D) show that control and UAS-hepCA; draper∆5 follicle 
cells engulf GFP (arrowheads) while draper∆5 follicle cells do not (C, arrow). (D) 
Percentages of egg chambers that show no engulfment, partial engulfment (less than 
wild-type), complete engulfment (similar to wild-type), and hyper-engulfment 
(engulfment before nurse cell chromatin condensation).  
 
Credit: Jon Iker Etchegaray 
 	   	  
	  111	  	  
Figure 3.21 Overexpression of draper suppresses engulfment defects in bsk 
knockdowns 
Egg chambers from starved flies were stained with DAPI (cyan) and anti-Dlg (magenta). 
(A) Dying control (UAS-GAL4/UAS-draper; UAS-bskRNAi/TM6B) egg chamber has 
normal engulfment. (B) Knockdown of bsk in the follicle cells (UAS-GAL4/Sco;GR1-
GAL4 G89/UAS-bskRNAi) results in engulfment defects, including lingering germline 
debris and pyknotic follicle cell nuclei (arrowheads). (C) The overexpression of draper in 
bskRNAi  follicle cells(UAS-GAL4/UAS-draper;GR1-GAL4 G89/UAS-bskRNAi) suppresses 
engulfment defects and resembles the control. (D) The overexpression of draper (UAS-
GAL4/UAS-draper; GR1-GAL4 G89/MKRS) results in a hyper-engulfment phenotype: 
engulfment occurs prior to a nurse cell nucleus undergoing chromatin condensation 
(arrow). (E) Percentages of egg chambers that show no engulfment, partial engulfment 
(less than wild-type), complete engulfment (similar to wild-type), and hyper-engulfment 
(engulfment before nurse cell chromatin condensation).  
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Figure 3.22 Caspase activity is required for engulfment, but not induction of Draper 
 
 (A-C) Egg chambers from starved caspase mutants were stained with DAPI (cyan), anti-
Draper (yellow), and anti-Dlg (magenta). (A-A’) Dcp-1prev1 egg chamber shows induction 
of Draper in the follicle cells. Most follicle cells fail to enlarge and display thinning out 
of their membranes (arrowheads). (B-B’) Egg chambers overexpressing Diap1 in the 
germline (NGT/UASp-Diap1; nanos-GAL4/+; starved flies) show induction of Draper. 
follicle cells fail to enlarge and display thinning out of their membranes (arrowhead). (C-
D) Egg chambers from unstarved flies overexpressing full-length Dcp-1 (nanos-Gal4-
tubulin (NGT)/UASp-fl-Dcp-1; nanos-GAL4/+) in the germline show germline death but 
delays in engulfment and Draper induction (compare C’ and D’ to Figure 3.3B-C). 
 
Credit: Jon Iker Etchegaray 
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Figure 3.23 Caspase activity is required for engulfment, but not for activation of 
JNK 
 
Caspase mutant egg chambers stained with anti-β-gal to detect puc-lacZ (red) and DAPI 
(cyan). (A-B)  Egg chambers from starved flies overexpressing Diap1 in the germline 
(NGT/UASp-Diap1; nanos-GAL4/puc-lacZ) show an induction in puc-lacZ. (A-A’) Early 
undead egg chambers do not have activate puc-lacZ. (B-B’) Undead egg chamber that is 
likely a later phase egg chamber than (A-A’) because of the follicle cell loss has activated 
puc-lacZ in remaining follicle cells. (C-D) Germline overexpression of truncated Dcp-1 
(nanos-GAL4 UASp-tDcp-1/ puc-lacZ) in the absence of starvation leads to death of the 
germline with delayed puc-lacZ expression. (C-C’) Dying egg chamber does not express 
puc-lacZ. (D-D’) Dying egg chamber that is a later phase than (C-C’) based on nuclear 
morphology has activated puc-lacZ. 
 
Credit: Images (A-B) acquired by Adam Klein   
	  114	  	  
Table 3.1 Candidate screen for effectors of engulfment during mid-oogenesis 
Candidate genes compiled from the literature were knocked down with RNAi or 
dominant negative constructs specifically in the follicle cells. Phenotypes were 
categorized based on approximate severity of engulfment defects including: no 
phenotype, weak, moderate, or strong engulfment genotypes. Other phenotypes included: 
lethal, excessive degeneration, and other. Phenotypes were color coded as outlined 
below. No conclusions can be drawn from negative results, as RNAi construct may be 
ineffective.  
No Phenotype 
Lethal 
Excessive degeneration 
Other 
Weak engulfment defects 
Moderate engulfment defects 
Strong engulfment defects 
 
Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Phenotype 
Known 
Engulfment 
Genes 
Ced-6 
M. 
Freeman 
w-,UAS-ced6 RNAi, 11804/SM1; 
+/TM3 ? N/A GR1 None 
Ced-12 BDSC y1 v1; P{TRiP.HM05042}attP2 long 10 GR1 
Moderate 
engulfment 
defects 
Ced-12 VDRC w1118; P{GD4186}v10455 long N/A GR1 
Weak engulfment 
defects 
 draper 
M. 
Freeman yw;Pwiz-draper RNAi #7b/CyO long N/A GR1 
Strong engulfment 
defects 
  Gprk2 BDSC y1 v1; P{TRiP.HMS02330}attP40 short 20 GR1 
Weak engulfment 
defects 
  
Gprk2 BDSC y1sc*v1; P{TRiP.HMS00161}attP2 short 20 GR1 
Moderate 
engulfment 
defects 
  myoblast city BDSC y1sc*v1; P{TRiP.HMS00604}attP2 short 20 GR1 None 
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  myoblast city BDSC y1sc*v1; P{TRiP.HMS00346}attP2 short 20 GR1 None 
  shark BDSC y1 v1; P{TRiP.JF01794}attP2 long 10 GR1 
Strong engulfment 
defects 
               
MAPK 
signaling 
bsk BDSC w1118 P{w[+mC]=UAS-bsk.DN}2 N/A N/A GR1 
Moderate 
engulfment 
defects, especially 
in late phases of 
death 
  bsk BDSC y1 v1; P{TRiP.JF01275}attP2 long 1 GR1 
Moderate 
engulfment 
defects, especially 
in late phases of 
death 
  bsk BDSC 
y1 v1;P{TRiP.JF01274}attP2/TM3, 
Ser1 long 1 GR1 
Weak engulfment 
defects 
  Cka BDSC y1 v1; P{TRiP.HM05138}attP2 long 10 GR1 
Strong engulfment 
defects 
  Cka BDSC y1 v1; P{TRiP.JF01432}attP2 long 1 GR1 
Strong engulfment 
defects, although 
"hit or miss" 
  Cka BDSC y1sc*v1; P{TRiP.HMS00081}attP2 short 20 GR1 None 
  
eiger VDRC w1118; P{GD12658}v45252 long N/A 
GR1, 
nanos-
GAL4 None 
  eiger VDRC w1118; P{GD12658}v45253 long N/A 
GR1, 
nanos-
GAL4 None 
  hep BDSC y1 v1; P{TRiP.JF03137}attP2 long 10 GR1 None 
  Jra (jun) BDSC y1 v1; P{TRiP.JF01184}attP2 long 1 GR1 
Strong engulfment 
defects 
  kayak (fos) BDSC y1sc*v1; P{TRiP.HMS00254}attP2 short 20 GR1 None 
  kayak (fos) BDSC y1 v1; P{TRiP.JF02804}attP2 long 1 GR1 
Strong engulfment 
defects 
  licorne BDSC y1 v1; P{TRiP.JF01433}attP2 long 1 GR1 None 
  Mekk1 BDSC y1 v1; P{TRiP.HM05075}attP2 long 10 GR1 
Strong engulfment 
defects 
  misshapen BDSC y1 v1; P{TRiP.JF03219}attP2 long 10 GR1 
Rounded egg 
chambers, 
excessive death 
even when 
conditioned 
  Mkk4 BDSC y1sc*v1; P{TRiP.GL00010}attP2 short 22 GR1 None 
  Mkk4 BDSC y1sc*v1; P{TRiP.HMS02524}attP40 short 20 GR1 None 
  Mpk2 BDSC y1sc*v1;P{TRiP.HMS01224}attP2 short 20 GR1 None 
  Mpk2 BDSC y1 v1; P{TRiP.JF02625}attP2 long 10 GR1 None 
  Mtl BDSC y1 v1; P{TRiP.JF03037}attP2 long 10 GR1 
Weak engulfment 
defects 
  Mtl BDSC y1sc*v1; P{TRiP.HMS01500}attP2 short 20 GR1 None 
  p38b BDSC y1 v1; P{TRiP.JF03341}attP2 long 10 GR1 None 
  
pk92b 
(DASK1) BDSC y1sc*v1; P{TRiP.HMS00464}attP2 short 20 GR1 
Variable 
phenotype: 
engulfment 
defective, 
PWOPs, normal 
engulfment 
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  pebbled BDSC y1sc*v1; P{TRiP.HMS00843}attP2 short 20 GR1 None 
  pebbled BDSC 
y1sc*v1; 
P{TRiP.HMS00894}attP2/TM3, Sb1 short 20 GR1 None 
  puckered BDSC 
y1sc*v1; 
P{TRiP.HMS01386}attP2/TM3, Sb1 short 20 GR1 None 
  pvr BDSC y1sc*v1; P{TRiP.HMS01662}attP40 short 20 GR1 
Weak engulfment 
defects 
  slipper BDSC y1sc*v1; P{TRiP.HMS00742}attP2 short 20 GR1 None 
  Tak1 BDSC y1sc*v1; P{TRiP.HMS00282}attP2 short 20 GR1 None 
  Tak1 BDSC 
y1 v1; P{TRiP.JF01492}attP2/TM3, 
Ser1 long 1 GR1 None 
  Tak1 BDSC 
y1 v1; P{TRiP.JF01384}attP2/TM3, 
Ser1 long 1 GR1 None 
  traf6 BDSC y1sc*v1; P{TRiP.HMS00880}attP2 short 20 GR1 
Weak engulfment 
defects 
  wallenda BDSC y1 v1; P{TRiP.JF02675}attP2 long 10 GR1 None 
  wengen BDSC y1sc*v1; P{TRiP.GLC01716}attP2 short 22 GR1 None 
  wengen VDRC w1118; P{GD3427}v9152 long N/A GR1 None 
               
Cytoskeletal 
Arp2 BDSC y1 v1; P{TRiP.JF02813}attP2 e* long 10 GR1 
Weak engulfment 
defects 
  Cdc-42 BDSC y1 v1; P{TRiP.JF02855}attP2 long 10 GR1 
Strong engulfment 
defects, excessive 
degeneration even 
when conditioned 
  Cdc-42 BDSC y1sc*v1; P{TRiP.HMS01502}attP40 short 20 GR1 
Weak engulfment 
defects 
  Rac1 BDSC y1 w*; P{UAS-Rac1.N17}1 N/A N/A GR1 
Strong engulfment 
defects 
  Rac1 BDSC y1 v1; P{TRiP.JF02813}attP2 e* long 10 GR1 
Strong engulfment 
defects 
  Rho1 BDSC 
y1sc*v1; 
P{TRiP.HMS00375}attP2/TM3, Sb1 short 20 GR1 None 
  Rho1 BDSC y1 v1; P{TRiP.JF02809}attP2 long 10 GR1 Lethal 
  SCAR BDSC y1sc*v1; P{TRiP.HMS01536}attP2 short 20 GR1 None 
  SCAR BDSC y1 v1; P{TRiP.JF01599}attP2 long 1 GR1 None 
  WASp BDSC y1sc*v1; P{TRiP.HMS01534}attP40 short 20 GR1 None 
  WASp BDSC y1 v1; P{TRiP.JF01975}attP2 long 10 GR1 
Moderate 
engulfment 
defects 
               
Endosomal and 
Lysosomal 
Trafficking dor VDRC w1118 P{GD10124}v33733 long N/A GR1 
Strong engulfment 
defects 
  dor  VDRC w1118 P{GD10124}v33734 long N/A GR1 
Strong engulfment 
defects 
  Lamp 1 BDSC y1sc*v1; P{TRiP.HMS01698}attP2 short 20 GR1 None 
  Lamp 1 BDSC y1sc*v1; P{TRiP.GLV21040}attP2 short 20 GR1 None 
  Rab5 BDSC y1 v1; P{TRiP.JF03335}attP2 long 10 GR1 
Moderate 
engulfment 
defects 
  Rab5 BDSC y1sc*v1; P{TRiP.HMS00147}attP2 short 20 GR1 None 
  Rab7 BDSC y1 v1; P{TRiP.JF02377}attP2 long 10 GR1 
Weak engulfment 
defects 
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  Rab11 BDSC   y1 v1; P{TRiP.JF02812}attP2 long 10 GR1 
Excessive mid-
stage degeneration 
when conditioned, 
engulfment 
defects.  
  spinster BDSC y1 v1; P{TRiP.JF02782}attP2 long 10 GR1 None 
               
Wnt pathway armadillo BDSC y1sc*v1; P{TRiP.HMS01414}attP2 short 20 GR1 None 
  armadillo BDSC y1 v1; P{TRiP.JF01252}attP2 long 1 GR1 
Strong engulfment 
defects, PWOPS, 
possible hyper-
engulfment 
  armadillo BDSC 
y1 v1; 
P{TRiP.JF01251}attP2/TM3,Ser1 long 1 GR1 Lethal 
  arrow BDSC y1 v1; P{TRiP.JF01260}attP2 long 1 GR1 None 
  arrow BDSC y1 v1; P{TRiP.JF01261}attP2 long 1 GR1 None 
  axin BDSC y1 v1; P{TRiP.HM04012}attP2 long 1 GR1 None 
  dishevelled BDSC y1 v1; P{TRiP.JF01254}attP2 long 1 GR1 None 
 dishevelled BDSC y1 v1; P{TRiP.JF01253}attP2 long 1 GR1 None 
  frizzled BDSC 
y1 v1; P{TRiP.JF01258}attP2/TM3, 
Ser1 long 1 GR1 None 
  frizzled BDSC y1 v1; P{TRiP.JF01481}attP2 long 1 GR1 None 
  frizzled BDSC y1sc*v1; P{TRiP.HMS01308}attP2 short 20 GR1 None 
  frizzled2 BDSC y1 v1; P{TRiP.JF01259}attP2 long 1 GR1 None 
  frizzled2 BDSC y1 v1; P{TRiP.JF02722}attP2 long 10 GR1 None 
  frizzled2 BDSC y1 v1; P{TRiP.JF01378}attP2 long 10 GR1 None 
  prickle BDSC y1sc*v1; P{TRiP.HMS00408}attP2 short 20 GR1 
Weak engulfment 
defects 
  shaggy BDSC 
y1 v1; P{TRiP.JF01256}attP2/TM3, 
Ser1 long 1 GR1 None 
  shaggy BDSC y1sc*v1; P{TRiP.GL00277}attP2 short 22 GR1 None 
  shaggy BDSC y1 v1; P{TRiP.JF01255}attP2 long 1 GR1 None 
  
starry 
night BDSC y1 v1; P{TRiP.JF02047}attP2 long 10 GR1 None 
  Van Gogh BDSC y1sc*v1; P{TRiP.HMS01343}attP2 short 20 GR1 None 
  wingless BDSC y1sc*v1; P{TRiP.HMS00794}attP2 short 20 GR1 None 
  wingless BDSC y1sc*v1; P{TRiP.HMS00844}attP2 short 20 GR1 None 
               
Miscellaneous Abl BDSC y1 v1; P{TRiP.JF02960}attP2 long 10 GR1 None 
  corkscrew BDSC y1 v1; P{TRiP.HMS00012}attP2 short 20 GR1 None 
  CYLD BDSC y1 v1; P{TRiP.HMS02006}attP40 short 20 GR1 None 
  Dcp-1 BDSC y1 v1; P{TRiP.HM05120}attP2 long 10 GR1 None 
  Dpp BDSC y1 v1; P{TRiP.JF02794}attP2 short 20 GR1 
Weak engulfment 
defects, especially 
on anterior side of 
egg chamber 
  eater BDSC y1 v1; P{TRiP.JF01884}attP2 long 10 GR1 None 
  fmr1 BDSC y1 v1; P{TRiP.JF02634}attP2 long 10 GR1 
Moderate 
engulfment 
defects 
  fmr1 BDSC y1sc*v1; P{TRiP.GL00075}attP2 short 22 GR1 None 
  Innexin2 BDSC y1 v1; P{TRiP.JF02446}attP2 long 10 GR1 
Excessive 
degeneration 
  Innexin3 BDSC y1sc*v1; P{TRiP.HM05245}attP2 long 10 GR1 None 
  Innexin7 BDSC y1 v1; P{TRiP.JF02066}attP2 long 10 GR1 None 
  Mmp1 BDSC y1 v1; P{TRiP.JF01336}attP2 long 1 GR1 None 
  Mmp2 BDSC y1 v1; P{TRiP.JF01337}attP2 long 1 GR1 None 
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  Notch BDSC y1 v1; P{TRiP.HMS00009}attP2 short 20 GR1 
Excessive 
degeneration 
  Notch BDSC y1 v1; P{TRiP.HMS00001}attP2 short 20 GR1 
Excessive 
degeneration 
  Notch BDSC y1 v1; P{TRiP.JF01637}attP2 long 10 GR1 
Excessive 
degeneration 
  ogre BDSC y1 v1; P{TRiP.JF02595}attP2 long 10 GR1 None 
  pkd2 BDSC y1 v1; P{TRiP.JF01241}attP2 long 1 GR1 None 
  pkd2 BDSC y1 v1; P{TRiP.JF01468}attP2 long 1 GR1 None 
  ribbon BDSC y1 v1; P{TRiP.HMC03083}attP2 short 20 GR1 
Weak engulfment 
defects 
  Rya-r44F BDSC y1 v1; P{TRiP.JF03381}attP2 long 10 GR1 None 
  Rya-r44F BDSC y1 v1; P{TRiP.HM05130}attP2 long 10 GR1 None 
  sponge BDSC 
y1sc*v1; 
P{TRiP.HMS01356}attP2/TM3,Sb1 short 20 GR1 
Strong engulfment 
defects 
  sponge BDSC y1sc*v1; P{TRiP.GL00316}attP2 short 22 GR1 None 
 zpg BDSC y1 v1; P{TRiP.JF02753}attP2 long 10 GR1 None 
	  119	  	  
Table 3.2 Percentage of pyknotic follicle cells in dying egg chambers of JNK 
mutants 
The percentage of pyknotic follicle cells in dying egg chambers of JNK mutants 
compared to the control (combined G71/+ and GR1-GAL4 G89/TM6B). Pyknotic follicle 
cells were counted and compared with the total number of follicle cells in a central 
confocal slide. n= # egg chambers analyzed for each phase and genotype. Yellow 
indicates when significant engulfment defects were first observed. The percentages of 
pyknotic follicle cells in JNK mutants were variable. In general, follicle cell death 
increased in later phases of death and occurred after the onset of engulfment defects (with 
the exception of bskDN). 
 
 
 Control bsk
DN bskRNAi eiger dMekk1RNAi 
Phase 0 0 (n=8) 
0 
(n=10) 
0 
(n=3) 
0 
(n=6) 
0 
(n=4) 
Phase 1 0.42 (n=4) 
0 
(n=3) 
17.14 
(n=10) 
10.61 
(n=9) 
10.72 
(n=3) 
Phase 2 1.52 (n=12) 
1.4 
(n=5) 
1.68 
(n=16) 
10.57 
(n=8) 
5.72 
(n=2) 
Phase 3 0.94 (n=6) 
43.86 
(n=4) 
2.87 
(n=9) 
19.16 
(n=7) 
4.64 
(n=5) 
Phase 4 3.67 (n=8) 
45.27 
(n=6) 
48.34 
(n=4) 
32.86 
(n=4) 
18.94 
(n=6) 
Phase 5 13.77 (n=4) 
65.97 
(n=11) 
17.66 
(n=3) 
62.97 
(n=11) 
47.69 
(n=9) 
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CHAPTER FOUR  
Phagocytosis genes non-autonomously promote cell death in the Drosophila ovary  
 
4.1 Introduction 
 Programmed cell death (PCD) is the genetically controlled elimination of cells 
that occurs during organismal development and homeostasis. The phagocytosis of cell 
corpses (also known as engulfment or efferocytosis) is a crucial step in the cell death 
process, preventing corpses from becoming secondarily necrotic, potentially causing 
tissue damage and autoimmunity. Apoptosis is the most well characterized form of PCD, 
however there are at least a dozen cell death modalities that are morphologically, 
biochemically, and genetically distinct (Kroemer et al., 2009; Galluzzi et al., 2012). Two 
well-known examples of non-apoptotic cell death are autophagic cell death and necrosis, 
but there are several alternative cell death mechanisms that are less well understood  
 Non-apoptotic PCD occurs on a large scale in the Drosophila ovary. Drosophila 
females can produce hundreds of eggs during their lifetime, and for every single egg that 
is formed, non-apoptotic developmental PCD of supporting nurse cells occurs. However, 
the mechanisms of developmental PCD in the Drosophila ovary are poorly understood. 
Each egg forms from a 16-cell germline cyst, comprised of a single oocyte and 15 nurse 
cells that support the oocyte throughout 14 stages of oogenesis (King, 1970; Spradling, 
1993). Hundreds of somatically derived follicle cells surround the germline cyst, forming 
an egg chamber. At stage 11 of oogenesis, nurse cells rapidly transfer (“dump”) their 
cytoplasm into the oocyte. Concurrently, the nurse cells asynchronously undergo 
developmental PCD, resulting in mature stage 14 egg chambers that no longer contain 
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any nurse cells (King, 1970; Spradling, 1993; Jenkins et al., 2013). Interestingly, 
caspases, proteases associated with apoptosis, play only a minor role in the death of the 
nurse cells (Peterson et al., 2003; Mazzalupo and Cooley, 2006; Baum et al., 2007). 
Furthermore, combined inhibition of caspases and autophagy does not significantly block 
nurse cell death during late oogenesis (Peterson and McCall, 2013). To date, defining the 
major mechanism of developmental PCD in the Drosophila ovary has remained elusive.   
 One possibility is that the somatic follicle cells non-cell autonomously promote 
the developmental PCD of the nurse cells during late oogenesis. Non-cell autonomous 
PCD is when a cell or group of cells extrinsically initiates or regulates the death of 
another cell. This concept contrasts with the idea that PCD is largely a self-regulated, 
autonomous suicide program in which a cell controls its own demise. One well-
characterized example of non-cell autonomous control of PCD is apoptosis induced by 
the death ligands Fas or TNF (Wilson et al., 2009; Perez-Garijo et al., 2013).  
 Other examples of non-cell autonomous PCD include phagoptosis (or primary 
phagocytosis) and entosis, in which engulfing cells directly cause the death of other cells 
via “murder” or “assisted suicide”. Phagoptosis is distinct from the engulfment of cell 
corpses, as the engulfing cell plays an active role in the death of a cell, rather than simply 
degrading a cell that died via another mechanism. The defining characteristic of 
phagoptosis is that inhibition of phagocytosis leads to a failure in cell death (Brown and 
Neher, 2012, 2014). Furthermore, phagoptosis is distinct from entosis, another form of 
cell-cannibalism, as the inhibition of phagocytosis does not prevent entosis (Overholtzer 
et al., 2007). Phagoptosis has been demonstrated to occur when activated microglia 
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phagocytose viable neurons, resulting in their destruction (Neher et al., 2011; Brown and 
Neher, 2012, 2014). Phagocytosis has also been shown to promote PCD in C. elegans, 
although this is an example of  “assisted suicide” since dying cells also require apoptotic 
machinery (Hoeppner et al., 2001; Reddien et al., 2001).  
 Given the minor role for apoptosis and autophagic cell death during 
developmental PCD in the Drosophila ovary, we investigated the possibility that the 
follicle cells non-cell autonomously promote nurse cell death. Indeed, we found that the 
phagocytosis genes draper/Ced-1 and Ced-12/ELMO are required in the follicle cells for 
nurse cell removal, and that they function in parallel. We also show that the follicle cells 
non-cell-autonomously control events associated with the death of the nurse cells 
including nuclear envelope permeabilization, acidification, and DNA fragmentation. 
Furthermore, the genetic ablation of stretch follicle cells disrupted all cellular changes 
associated with the developmental PCD of the nurse cells. Therefore, PCD of the nurse 
cells during Drosophila oogenesis is a unique model of a naturally occurring 
developmental cell death program that is non-apoptotic and non-cell-autonomously 
controlled.  
   
4.2 Stretch follicle cells surround nurse cells during late oogenesis 
 During late oogenesis, a population of ~50 follicle cells known as the stretch 
follicle cells cover the nurse cells on the anterior of the egg chamber, and it has been 
proposed that these follicle cells phagocytose the nurse cells following their death in late 
oogenesis (Cummings and King, 1970; Nezis et al., 2000; Tran and Berg, 2003). 
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However, exactly how this is accomplished and whether they play a role in the 
developmental PCD of the nurse cells remains unclear. To analyze the relationship 
between stretch follicle cells and nurse cells, we expressed a membrane-tethered GFP 
specifically in stretch follicle cells (PG150-GAL4>mCD8-GFP) (Figure 2.2, Figure 4.1). 
The stretch follicle cells were visible in stage 10 (Figure 4.1A) and began to project 
extensions around individual nurse cells in stage 11 (Figure 4.1B).  By stage 12, 
cytoplasmic dumping of the nurse cells was completed and the remaining nurse cell 
nuclei appeared completely enveloped by the stretch follicle cells (Figure 4.1C). The 
stretch follicle cells remained around the nurse cell nuclei in stage 13, as they were 
eliminated (Figure 4.1D). By stage 14, characterized by fully formed dorsal appendages, 
all nurse cell nuclei were eliminated (Figure 4.1E). Therefore, the stretch follicle cells 
were intimately associated with the nurse cells throughout the progression of 
developmental PCD, raising the intriguing possibility that the stretch follicle cells play an 
active role in the death of the nurse cells.   
 
4.3 draper is required specifically in the stretch follicle cells for nurse cell removal 
 Given that the stretch follicle cells completely surrounded the nurse cells 
throughout late oogenesis, we investigated whether the phagocytic machinery in the 
follicle cells contributed to nurse cell removal. Egg chambers expressing a membrane-
tethered GFP in all follicle cells (GR1-GAL4>mCD8-GFP) (Figure 2.1, Figure 4.2A-E) 
were stained with an antibody against the engulfment receptor Draper. Draper was 
detected as the stretch follicle cells surrounded the nurse cells in stage 11, and appeared 
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to define the path of stretch follicle cell extension (Figure 4.2B-B’). The enrichment of 
Draper on the follicle cell membranes was most intense in stages 12-13 (Figure 4.2C-D’) 
and some residual Draper staining was observed in stage 14 (Figure 4.2E-E’). The 
enrichment of Draper was specific to the stretch follicle cells, because when draper was 
knocked down specifically in stretch follicle cells (PG150-GAL4>draperRNAi), late stage 
egg chambers lacked Draper staining (Figure 4.3).   
 To determine whether draper was required for the removal of nurse cells during 
late oogenesis, we analyzed egg chambers from draper∆5 (null) flies. Interestingly, we 
found a striking number of persisting nurse cell nuclei in stage 14 egg chambers (Figure 
4.4D), compared to the control (w1118) where nurse cell nuclei were removed normally 
(Figure 4.4A). On average, there were approximately 8 persisting nurse cell nuclei in 
draper∆5egg chambers compared to 0.23 in the control (Figure 4.4G). Moreover, 100% of 
draper∆5 stage 14 egg chambers contained at least one persisting nurse cell nucleus, and 
>40% had more than 10 persisting nurse cell nuclei (Figure 4.4H). These data show that 
draper is required for the removal of the nurse cells during late oogenesis.  
 draper has been shown in several contexts to be required in engulfing cells for 
corpse clearance (Freeman et al., 2003; Manaka et al., 2004; MacDonald et al., 2006; Li 
and Baker, 2007; Cuttell et al., 2008; Etchegaray et al., 2012). However, draper was also 
shown to be required cell-autonomously in the salivary gland for autophagic cell death 
(McPhee et al., 2010). To determine which cell type required draper during 
developmental PCD of the nurse cells, we expressed draperRNAi in all follicle cells using 
the GR1-GAL4 driver. Compared to control (GR1-GAL4 >UAS-luciferaseRNAi), stage 14 
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egg chambers expressing draperRNAi in the follicle cells had a strong persisting nurse cell 
nuclei phenotype similar to draper∆5 (Figure 4.4B,E, G-H). Furthermore, when 
draperRNAi was expressed specifically in the stretch follicle cells (PG150-GAL4> 
draperRNAi) there was a failure in the removal of the nurse cell nuclei (Figure 4.4C, F-G), 
with ~55% of egg chambers containing >10 persisting nurse cell nuclei (Figure 4.4H). As 
further evidence for the requirement for draper in the follicle cells, we generated draper 
germline clones and found that the nurse cell removal was normal (JI Etchegaray, 
personal communication). Together, these findings indicate that draper is specifically 
required in the stretch follicle cells for nurse cell removal in late oogenesis. 
 To identify other genes that are required in the follicle cells for nurse cell 
removal, we performed a candidate screen. 88 candidate genes were knocked down 
specifically in the follicle cells via RNAi or dominant negative constructs (Table 4.1). 
The candidate screen revealed that knockdown of several known engulfment genes, 
including Ced-12, resulted in persisting nurse cell nuclei (Figure 4.5, Table 4.2), further 
demonstrating that the engulfment machinery in follicle cells is important for the removal 
of the nurse cells during late oogenesis. We confirmed that Ced-12 is required in the 
follicle cells for nurse cell removal by analyzing a second Ced-12RNAi  line in which we 
observed a similar persisting nuclei phenotype (Figure 4.5C-D). Although both draper 
and Ced-12 knockdowns demonstrated a severe disruption to the removal of the nurse 
cells, most of the follicle cells still appeared to surround the nurse cells (Figure 4.6). 
Additionally, other engulfment genes, myoblast city (mbc), shark, and Rac1, disrupted 
nurse cell removal when knocked down in the follicle cells (Figure 4.7, Table 4.1, 4.2).  
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4.4 The JNK signaling pathway is required specifically in the follicle cells for nurse 
cell removal 
 Previous work has demonstrated a role for the JNK pathway in the engulfment of 
apoptotic cells. For example, JNK is required in the follicle cells during engulfment of 
nurse cells in response to starvation during mid-oogenesis (Etchegaray et al., 2012), in 
imaginal disc cells undergoing competition (Ohsawa et al., 2011), and in glia for the 
engulfment of degenerating axons (Macdonald et al., 2013). The JNK signaling pathway 
is activated in the anterior follicle cells during late oogenesis (Dequier et al., 2001; 
Dobens et al., 2001; Suzanne et al., 2001), but whether it plays a role in developmental 
PCD of the nurse cells is unknown. Therefore, we investigated whether the JNK pathway 
was an important component of signaling in the stretch follicle cells for developmental 
PCD of the nurse cells. Using the JNK reporter puc-lacZ, we confirmed that the JNK 
pathway was activated in the stretch follicle cells during late oogenesis (Figure 4.8). Up-
regulation of the JNK pathway first became apparent in the follicle cells in stage 11 
(Figure 4.8A-A’) and was most intense in stages 12-13 (Figure 4.8B-C’), with follicle 
cells showing puc-lacZ directly surrounding the nurse cell nuclei (Figure 4.8C-C’). The 
activation of the JNK pathway paralleled the enrichment of Draper on the follicle cell 
membranes (Figure 4.2), suggesting that JNK may also play an important role in nurse 
cell removal.  
 To test whether the JNK pathway was required in the stretch follicle cells for the 
elimination of the nurse cells, we inactivated several members of the JNK pathway. 
Expression of RNAi against kayak or jra, which encode components of the dimeric 
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transcription factor AP-1, caused a strong persisting nuclei phenotype in stage 14 egg 
chambers (Figure 4.9A-C, E-F). Consistent with our findings, Dequier et al. previously 
reported that kayak hypomorphs contain persisting nurse cell nuclei (Dequier et al., 
2001). Additionally, knockdown of the AP-1 scaffold Cka, or overexpression of a 
dominant negative form of Drosophila JNK (basket, bsk) led to persisting nurse cell 
nuclei (Figure 4.9D-F). Together, these data suggest that the JNK signaling pathway is 
required in the follicle cells for nurse cell removal during late oogenesis.    
 
4.5 draper and JNK act in the same pathway  
 During the engulfment of dying nurse cells by the follicle cells in mid-oogenesis, 
JNK was found to act downstream of draper and act in a feed-forward loop to maintain 
Draper enrichment on the follicle cell membrane (Etchegaray et al., 2012). Similarly, 
during the phagocytosis of axonal debris by glia, JNK was required to increase Draper in 
glia to levels sufficient for clearance (Macdonald et al., 2013). Thus, we investigated 
whether the enrichment of Draper on the follicle cell membranes in late oogenesis 
required JNK activity by analyzing Draper staining in egg chambers with kayak knocked 
down in the follicle cells. We found that JNK signaling was not required for the initial 
localization of Draper on follicle cell membranes in stage 11 (Figure 4.10A-B’), but JNK 
signaling was necessary for the enrichment of Draper in stages 12-13 (Figure 4.10C-D’). 
Thus, JNK may act to maintain Draper on the follicle cell membranes. These data are 
similar to previous findings showing that JNK is required for sustaining Draper levels in 
engulfing cells (Etchegaray et al., 2012; Macdonald et al., 2013). The inverse experiment 
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examining JNK activity in draper mutants revealed that draper was not required for the 
activation of JNK (Figure 4.10E-H’), suggesting that unlike mid-oogenesis, another 
pathway can lead to JNK activation. We also performed double mutant analysis and 
found that when we knocked down both draper and kayak, the number of persisting nurse 
cell nuclei was not significantly different than knocking down draper or kayak alone 
(Figure 4.11). These data suggest that draper and kayak act in the same genetic pathway 
in follicle cells to promote the removal of nurse cells during late oogenesis.  
 
4.6 draper and Ced-12 act in parallel to promote developmental PCD of the nurse 
cells 
 In C. elegans, it has been reported that Ced-12 acts in parallel to Ced-1, the 
ortholog of draper (Gumienny et al., 2001; Reddien and Horvitz, 2004). To determine 
whether draper and Ced-12 work in parallel in follicle cells, we performed double mutant 
analysis and found that draper Ced-12 double knockdowns had a more severe persisting 
nuclei phenotype than either draper or Ced-12 alone (Figure 4.12). Over 20% of stage 14 
egg chambers had 13-15 persisting nuclei in draper Ced-12 double knockdowns (Figure 
4.12D), the strongest phenotype we encountered. While draper was not required for the 
activation of JNK (Figure 4.10), we found that Ced-12 was required to activate JNK: egg 
chambers with Ced-12 knocked down showed reduced expression of puc-lacZ (Figure 
4.13). Together, these data suggest that draper and Ced-12 act in parallel pathways to 
promote nurse cell removal. However, the knockdown of draper and Ced-12 do not cause 
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a complete disruption to developmental PCD of the nurse cells, raising the possibility that 
a third pathway may contribute.  
 
4.7 The accumulation of nurse cell corpses in the ovary inhibits egg laying  
 In mutants that had a large number of persisting nurse cell nuclei, we observed a 
striking accumulation of nurse cell corpses in the ovary (Figure 4.14A-B). We questioned 
whether the accumulation of corpses in the ovary could affect the overall fecundity of the 
flies. Initially, we tested draper Ced-12 double knockdowns in the follicle cells since 
they had the strongest persisting nuclei phenotype (Figure 4.12), and found that both the 
draper Ced-12 double knockdown and the Ced-12 knockdown were completely sterile 
(Appendix A, Figure A.1). However, we found that sterility was due to a severe border 
cell migration defect in Ced-12 knockdowns (Figure 4.15A-C) (Geisbrecht et al., 2008). 
Interestingly, we also noticed that draper∆5 mutants displayed defects in border cell 
migration (Figure 4.15D-F). To avoid defects in border cell migration in our fecundity 
studies, we used PG150-GAL4 to knock down draper and Ced-12 only in the stretch 
follicle cells. When we measured egg laying in draper Ced-12 double knockdowns, we 
found that females laid significantly fewer eggs per day than the control (Figure 4.14C). 
We also confirmed that the females used in the fecundity studies had persisting nurse cell 
nuclei (Appendix A, Figure A.5). Therefore when phagocytosis genes were inhibited in 
the follicle cells, nurse cell corpses accumulated in the ovary and there was an adverse 
effect on fecundity. See Appendix A for additional details on our fecundity analyses.  
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4.8 Lysosomal and endosomal trafficking genes are required in the follicle cells for 
nurse cell removal  
 Previous work has demonstrated a role for lysosomal trafficking genes such as 
deep orange (dor) in developmental nurse cell death (Bass et al., 2009). dor is a member 
of the HOPS complex that localizes to endosomes and is important for delivery of 
materials to lysosomes (Sevrioukov et al., 1999). As we previously reported, dor 
hypomorphs have defects in nurse cell removal during late oogenesis (Figure 4.16B, E-F) 
(Bass et al., 2009). Interestingly, we found that the requirement for dor is in the follicle 
cells: expression of dorRNAi specifically in the follicle cells (GR1-GAL4>dorRNAi) resulted 
in persisting nurse cell nuclei (Figure 4.16C, E-F). Furthermore, dor germline clones 
largely showed normal nurse cell removal (Figure 4.16D-F), confirming the requirement 
for dor in the follicle cells. Endocytic processing genes, Rab5, Rab7, and Rab35 were 
also found to be required in the follicle cells for the elimination of the nurse cells during 
late oogenesis (Figure 4.17).  
 
4.9 draper and Ced-12 are required in the follicle cells for the acidification of the 
nurse cells 
 During late oogenesis, punctate LysoTracker staining, likely labeling lysosomes, 
surrounds nurse cell nuclei and progresses to complete acidification of nurse cell nuclei 
(Bass et al., 2009; Timmons et al., 2013). Double labeling revealed that most 
LysoTracker puncta overlapped with the membranes of stretch follicle cells (Figure 
4.18A-A’), raising the possibility that lysosomes from the stretch follicle cells play an 
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active role in nurse cell death. Electron microscopy has also demonstrated that lysosomes 
are present in the follicle cells that border the nurse cells, but not in follicle cells 
surrounding the oocyte, indicating that they may be important for nurse cell elimination 
(Cummings and King, 1970). By stages 12-13, the majority of wild-type egg chambers 
contained LysoTracker positive nurse cell nuclei and puncta, which declined by stage 14 
when most nurse cell nuclei had disappeared (Figure 4.18B-B’, D). However, 
LysoTracker labeling in draper and Ced-12 single knockdowns, was severely reduced in 
stage 12-13 egg chambers compared to the control. LysoTracker positive nuclei and 
puncta were occasionally observed around the persisting nuclei in stage 14 egg chambers 
(Figure 4.18D). Strikingly, draper Ced-12 double knockdowns showed a complete 
disruption in nurse cell acidification (Figure 4.18C-D). Therefore, the engulfment 
machinery in the follicle cells is required for the acidification of nurse cells during 
developmental PCD. However, whether the follicle cell lysosomes actively contribute to 
the death process or are involved in the phagocytic processing of the nurse cells remains 
unknown.  
 
4.10 draper is required in the stretch follicle cells for fragmentation of the nurse cell 
nuclei 
 DNA fragmentation is an important step in the destruction of a cell and is 
considered to be a hallmark of apoptotic cell death (Wyllie et al., 1980). Typically, DNA 
fragmentation is executed by the autonomous activation of endonucleases, such as 
caspase activated DNase (CAD), and is considered to be the “point of no return” in the 
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death process (Nagata, 2005; Bass et al., 2009). TUNEL (terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling) staining is used to label 3’-OH ends of 
fragmented DNA in apoptotic cells (Gavrieli et al., 1992; Sarkissian et al., 2014). During 
developmental PCD of nurse cells in late oogenesis, nurse cell nuclei become TUNEL-
positive, indicating that DNA fragmentation occurs (Cavaliere et al., 1998; Foley and 
Cooley, 1998; McCall and Steller, 1998 ; Nezis et al., 2000; Sarkissian et al., 2014). 
Consistent with previous findings, we observed that nurse cell nuclei become TUNEL-
positive, especially in stage 13 (Figure 4.19A-A’, C, Figure 4.20 A-A’, C). TUNEL-
labeled nurse cell nuclei were often not labeled with DAPI, suggesting that DNA 
fragmentation is a late event in the breakdown of nurse cells. Consistent with findings 
that developmental PCD of the nurse cells is largely caspase-independent (Peterson et al., 
2003; Mazzalupo and Cooley, 2006; Baum et al., 2007; Peterson and McCall, 2013), we 
found that overexpression of the caspase inhibitor Diap1 in the nurse cells (nanos-
GAL4>UAS-Diap1) did not disrupt DNA fragmentation in late oogenesis (Figure 4.19B-
C). In contrast, we found that TUNEL staining was completely absent in stages 12-13 
when draper was knocked down in the stretch follicle cells (PG150>draperRNAi), 
although it was observed in a small number of stage 14 egg chambers (Figure 4.20). 
These data show that DNA fragmentation is inhibited when draper is knocked down in 
the follicle cells, implicating a role for the follicle cells in the death of the nurse cells.    
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4.11 draper and Ced-12 act in the follicle cells to promote nurse cell nuclear 
permeability during developmental PCD 
 To further investigate whether the follicle cell engulfment machinery affected the 
death of the nurse cells, we examined permeability of the nurse cell envelope, one of the 
earliest indications of developmental PCD of the nurse cells (Cooley et al., 1992; 
Buszczak and Cooley, 2000). To visualize nurse cell nuclear permeability, we used the 
BB127 lacZ enhancer trap that specifically labels nurse cell nuclei (and centripetal follicle 
cells). Consistent with previous findings, we observed that control nurse cell nuclei 
became permeable between stages 10B and 11, with β-Gal transitioning from a nuclear 
(Figure 4.21A-A’) to cytoplasmic localization (Figure 4.21 B-B’). However Ced-12 and 
draper Ced-12 double knockdowns displayed some stage 11 egg chambers with intact 
nurse cell nuclei, suggesting that nuclear envelope permeability was delayed (Figure 
4.21C-E). In late stages, all nurse cell nuclei were permeablized indicating that another 
pathway can promote nurse cell nuclear permeabilization. Since the knockdown of Ced-
12 in the follicle cells causes defects in border cell migration, we analyzed nurse cell 
nuclear permeabilization in knockdowns of a gene known to cause border cell migration 
defects, slow border cells (slbo). We found that defects in border cell migration do not 
cause delays to nuclear permeability of the nurse cells (Figure 4.22). These data suggest 
that the engulfment machinery in the follicle cells is important for the permeabilization of 
the nurse cell nuclear envelope, an initial event during PCD. 
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4.12 The stretch follicle cells are required for nurse cell death and dumping 
 To directly determine whether the stretch follicle cells were required for the 
developmental PCD of the nurse cells, we eliminated the stretch follicle cells via the 
expression of Diap1RNAi (PG150>Diap1RNAi). The genetic ablation of the stretch follicle 
cells resulted in non-autonomous effects on the nurse cells: they failed to dump their 
cytoplasm into the oocyte or undergo developmental PCD (Figure 4.23). This disruption 
to nurse cell dumping and PCD was nearly complete, with 98% of egg chambers 
exhibiting a failure in nurse cell dumping and an average of 13 persisting nuclei per egg 
chamber (Figure 4.23E). The presence of pyknotic follicle cell nuclei and cleaved Dcp-1 
staining confirmed that the stretch follicle cells were indeed dying and Phalloidin staining 
revealed that the actin bundle networks that normally form in the nurse cell cytoplasm 
were also disrupted (Figure 4.23C-D). To further investigate whether the stretch follicle 
cells were required for nurse cell death events, we stained PG150>Diap1RNAi egg 
chambers with LysoTracker and TUNEL. We observed that acidification of nurse cell 
nuclei (Figure 4.24A-B) and DNA fragmentation of the nurse cells were inhibited (Figure 
4.24C-D). We counted egg chambers with apparent dorsal appendages, and found that 
less than 3% of PG150>Diap1RNAi egg chambers had TUNEL positive nurse cells 
compared to ~31% of control stage 12-14 egg chambers (Figure 4.24E).  However, 
TUNEL was detectable in the dying follicle cells (Albert Mondragon, personal 
communication). These data demonstrate that the follicle cells non-autonomously control 
the dumping and death of the nurse cells during late oogenesis.  
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4.13 Discussion  
 The non-autonomous control of PCD has wide-ranging implications. Prior to this 
study, the role of the phagocytic machinery in promoting cell death has predominantly 
been documented in systems where phagocytosis is artificially activated (Thomson and 
Johnson, 2010; Neher et al., 2011; Etchegaray et al., 2012), or acts in cooperation with 
apoptosis (Hoeppner et al., 2001; Reddien et al., 2001; Li et al., 2012). In this work, we 
have demonstrated that a naturally occurring example of non-apoptotic programmed cell 
death fails to occur properly when the phagocytic machinery is disrupted in surrounding 
cells.  
 In the adult female fly, hundreds of nurse cells die every day via developmental 
PCD, but previous work ruled out major roles for autonomous apoptosis and autophagic 
cell death mechanisms during late oogenesis. We and others have previously shown that 
follicle cells can be induced to perform phagoptosis during mid-oogenesis (Thomson and 
Johnson, 2010; Etchegaray et al., 2012). Therefore, we investigated whether the 
phagocytic machinery of the follicle cells might promote the PCD and removal of the 
nurse cells that occurs naturally during late oogenesis. Indeed, we found that there is a 
failure in nurse cell removal when phagocytosis is disrupted in the somatic follicle cells 
that directly surround the nurse cells. We showed that the phagocytic genes draper and 
Ced-12 act in parallel to complete the process of nurse cell removal in late oogenesis, and 
we identified a number of other genes that are important in the follicle cells for nurse cell 
removal. We demonstrated that the events associated with the death of the nurse cells, 
including permeabilization of the nuclear envelope, acidification, and DNA 
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fragmentation, are impaired when phagocytosis genes are disrupted in the stretch follicle 
cells. Furthermore, the genetic ablation of the stretch follicle cells caused a near complete 
failure in nurse cell death (Albert Mondragon), emphasizing their importance to nurse 
cell death. This work suggests that the follicle cells non-autonomously promote the death 
and removal of the nurse cells, likely via phagoptosis.   
 Although disruption of the phagocytic machinery largely prevented the removal 
of the nurse cells, detailed analysis of cellular events was necessary to determine whether 
the follicle cells affected the death of nurse cells. One indication that the death of the 
nurse cells is non-autonomously controlled is that the acidification of the nurse cell nuclei 
is completely disrupted when draper and Ced-12 were knocked down in the follicle cells. 
These data need to be interpreted carefully, however, since acidification is not necessarily 
indicative of cell death, but perhaps degradation of a cell corpse. The presence of 
lysosomes within the membranes of the stretch follicle cells and the block to acidification 
of the nurse cells when phagocytosis is impaired in the follicle cells raises many 
questions about the role of the lysosomes in nurse cell death. Lysosomes may be 
exocytosed from the follicle cells, releasing their contents to promote nurse cell death. 
For example, T cells have been shown to exocytose lysosomes and their hydrolytic 
contents into the extracellular space to destroy pathogens (Peters et al., 1991; Samie and 
Xu, 2014). Alternatively, lysosomes could be delivered to the plasma membrane of the 
stretch follicle cells to allow for rapid membrane growth as the follicle cells stretch 
around the nurse cells (Samie et al., 2013). An open question is how the tiny follicle cells 
are capable of destroying the much larger nurse cells; perhaps multiple stretch follicle 
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cells fuse together to surround individual nurse cells. Further investigation is needed to 
clarify the role of the lysosomes within the stretch follicle cells during nurse cell death.  
 Additional evidence suggesting that the death of the nurse cells is non-
autonomously controlled is that the nurse cells fail to become TUNEL-positive when the 
phagocytic machinery is disrupted in the follicle cells. In general, the initial steps of DNA 
fragmentation during PCD are thought to occur cell-autonomously; however, previous 
studies have indicated that DNA fragmentation can be carried out by engulfing cells. In 
mammals, thymocytes from mice expressing caspase-resistant ICAD (inhibitor of 
caspase-activated DNase) were resistant to DNA fragmentation, but continued to have 
TUNEL-positive cells within macrophages (McIlroy et al., 2000). Similarly, it was 
demonstrated in C. elegans that ced -1 engulfment mutants had a reduced number of 
corpses with TUNEL positive nuclei (Wu et al., 2000). One explanation is that lysosomal 
enzymes in engulfing cells may contribute to DNA fragmentation (McIlroy et al., 2000). 
Importantly, in our study the dying nurse cells are wild-type. To our knowledge, this is 
the first naturally occurring example of cell death that requires non-autonomous control 
of DNA fragmentation.  
 The first indication that the nurse cells are dying occurs between stages 10-11, 
when the nurse cell nuclei become permeable (Cooley et al., 1992). This event is clearly 
separable from engulfment, as it occurs prior to the onset of dumping, and prior to 
envelopment by follicle cells.  We found that permeability of the nurse cell nuclear 
envelope was delayed when draper and Ced-12 were knocked down specifically in the 
follicle cells. Ultimately, the nurse cell nuclei did become permeable, suggesting that 
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other pathways can also promote nurse cell nuclear permeabilization. These other 
pathways are also likely to initiate from the stretch follicle cells, as we found that ablation 
of the stretch follicle cells blocked all nurse cell death (Albert Mondragon).  
 Ablation of the stretch follicle cells resulted in a failure in nurse cell dumping, 
which occurs concurrently with nurse cell death. Many genes have been identified as 
important for nurse cell dumping, particularly genes affecting the ring canals and the 
actin cytoskeleton (Hudson and Cooley, 2002). For example, spaghetti squash encodes 
the regulatory light chain of myosin II (RMLC), and must be phosphorylated to promote 
nurse cell dumping. It has been proposed that the follicle cells release a signal that 
activates the kinase that phosphorylates RMLC (Wheatley et al., 1995). Although both 
nurse cell death and dumping were disrupted when the follicle cells were ablated, it is 
unlikely that dumping is the signal for death because nurse cell death events (namely 
nurse cell nuclear permeability) are apparent prior to the onset of dumping. Furthermore, 
nurse cells in other dumpless mutants (e.g. chickadee) have TUNEL positive nurse cell 
nuclei (Cavaliere et al., 1998; Foley and Cooley, 1998). It remains to be determined how 
the stretch follicle cells promote the precise developmental timing of nurse cell death. An 
upstream signal could originate from the oocyte, in the nurse cells, or from a source 
extrinsic to the ovary itself.  
 Although our experiments aimed at disrupting the phagocytic machinery in the 
follicle cells caused a severe block to nurse cell death and removal, it did not cause a total 
block. When draper and Ced-12 were knocked down in the follicle cells, there was an 
average of ~11 persisting nurse cell nuclei, meaning that at least 4 nurse cells per egg 
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chamber were successfully eliminated. Knockdown of integrins specifically in the stretch 
follicle cells led to persisting nuclei (Table 4.1, 4.2), raising the possibility that integrin 
signaling and/or other pathways act in parallel to draper and Ced-12. While previous 
work has ruled out some autonomous mechanisms including apoptosis and autophagic 
cell death as major contributors to nurse cell death, mutants do show weak phenotypes 
suggesting these processes play a minor role. Another possibility is that necrosis 
contributes to nurse cell death during late oogenesis (See Appendix B). Furthermore, 
there are likely unknown cell-autonomous effectors of developmental nurse cell death. 
 Germline cysts are found in the ovary and testis of many different organisms.  
Interestingly, non-cell autonomous control over cell death of the germline has been 
suggested to occur in several species. For example, the somatic sheath cells of the C. 
elegans gonad promote apoptotic death of the germ cells in conjunction with autonomous 
cell death mechanisms (Li et al., 2012). In the developing mammalian ovary, germ-cell 
cysts break apart and oocytes become individually surrounded by somatic cells. At the 
same time, approximately 2/3 of the oocytes undergo cell death. Deletion of Notch2 in 
the somatic cells causes reduced oocyte death and defects in the breakdown of germ-cell 
cysts, resulting in reduced fertility (Xu and Gridley, 2013). Similarly, we found that 
failure of the nurse cells to appropriately undergo PCD resulted in reduced egg laying of 
Drosophila females. The exact mechanism of how a failure in developmental PCD of the 
nurse cells leads to reduced egg laying is unknown. It is possible that the accumulation of 
nurse cell corpses blocks the entrance to the oviducts or there could be feedback signaling 
to the stem cells in the germarium that affects the rate of egg production. Therefore, non-
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cell autonomous PCD in the germline may be evolutionarily conserved and may play a 
critical role in in the reproductive success of organisms. 
 Overall, we demonstrated that the phagocytosis machinery in follicle cells 
promotes the death and removal of the nurse cells during the late stages of Drosophila 
oogenesis. Developmental PCD in the germline is an intriguing example of PCD that is 
both non-apoptotic and non-autonomously controlled.   
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Figure 4.1 The stretch follicle cells surround the nurse cells during late oogenesis 
 
 
Stage 10-14 egg chambers (PG150-GAL4/+; UAS-mCD8-GFP/+) express GFP 
specifically in the membranes of the stretch follicle cells (green, arrows) and were stained 
with DAPI to label DNA (cyan). (A) Stretch follicle cells are apparent on the anterior of a 
stage 10 egg chamber. (B) Stretch follicle cells begin to extend around nurse cells in 
stage 11. (C) Stretch follicle cells surround nurse cell nuclei in stage 12 egg chamber. (D) 
Stretch follicle cells continue to surround nurse cell nuclei in stage 13 egg chamber. (E) 
A stage 14 egg chamber no longer contains nurse cell nuclei and has fully formed dorsal 
appendages (arrowhead). Scale bar = 50 µm. 
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Figure 4.2 Draper is enriched on the follicle cell membranes during late oogenesis 
 
Stage 10-14 egg chambers (UAS-mCD8-GFP/+; GR1-GAL4/+) were stained with anti-
Draper antibody (red) and DAPI (cyan), and express GFP in the follicle cell membranes 
(green). (A-A’) Stage 10 egg chamber. (B-B’) Draper enrichment becomes apparent in 
stage 11 as the stretch follicle cells are extending around the nurse cells. (C-C’) Stage 12 
egg chamber has enriched Draper on the follicle cell membranes. (D-D’) Stage 13 egg 
chamber with Draper enrichment on the follicle cell membranes. (E-E’) Stage 14 egg 
chamber has residual Draper staining. Scale bar = 50 µm. 
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Figure 4.3 Draper enrichment is specific to follicle cells 
 
 
Control egg chambers (PG150-GAL4/+; UAS-mCD8-GFP/+) and egg chambers with 
draper knocked down specifically in the stretch follicle cells (PG150-GAL4/+; UAS-
draperRNAi/+) were stained together with α-Draper antibody (red, arrows) and DAPI 
(cyan). (A-A’) Control stage 11 egg chamber has Draper staining apparent along stretch 
follicle cell membranes (arrows). (B-B’) Draper enrichment is absent in stage 11 egg 
chamber when draper is knocked down specifically in the stretch follicle cells. (C-C’) 
Control stage 13 egg chamber has enriched Draper on the follicle cell membranes 
(arrows). (D-D’) Draper staining is absent when draper is knocked down in the stretch 
follicle cells. Scale bar = 50 µm. 
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Figure 4.4 draper is required in the follicle cells for the removal of nurse cells during 
late oogenesis.    
 
 
(A-F) Stage 14 egg chambers stained with DAPI (blue). Control egg chambers do not 
contain persisting nurse cell nuclei: (A) Wild-type (w1118), (B) GR1-GAL4/UAS-
luciferaseRNAi, and (C) PG150-GAL4/+;UAS-luciferaseRNAi/+. Persisting nurse cell nuclei 
are present in stage 14 egg chambers when draper is disrupted (arrows). (D) 
Homozygous draper∆5. (E) draperRNAi expressed specifically in the follicle cells (UAS-
draperRNAi/+; GR1-GAL4/+). (F) draperRNAi expressed specifically in the stretch follicle 
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cells (PG150-GAL4/+; UAS-draperRNAi/+) Scale bar =20 µm. (G) Quantification of 
persisting nurse cell nuclei in stage 14 egg chambers. Data presented are mean ± SEM. p-
values were determined using a two-tailed t-test and indicate significance compared to 
the control. ****p≤0.0001. (H) Alternative quantification of data presented in (G). The 
number of persisting nuclei (PN) per stage 14 egg chamber was categorized into bins of 0 
PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 egg 
chambers in each bin was calculated. 
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Figure 4.5 Ced-12 is required in the follicle cells for nurse cell removal 
 
(A-B) Stage 14 egg chambers were stained with DAPI (blue). (A) Control (GR1-
GAL4/UAS-luciferaseRNAi) egg chamber does not have persisting nurse cell nuclei (B) 
When Ced-12 is knocked down specifically in the follicle cells (GR1-GAL4/UAS-Ced-
12RNAi), persisting nurse cell nuclei are apparent (arrow). Scale bar =20 µm. (C) 
Quantification of persisting nurse cell nuclei in stage 14 egg chambers from two different 
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Ced-12 RNAi lines, with allele (TRiP #) indicated. Data presented are mean ± SEM. p-
values were determined using a two-tailed t-test and indicate significance compared to 
the control. ****p≤0.0001. All further experiments with UAS-Ced-12RNAi used 
TRiP.HM00542. (D) Alternative quantification of data presented in (C). The number of 
persisting nuclei (PN) per stage 14 egg chamber was categorized into bins of 0 PN, 1-3 
PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 egg 
chambers in each bin was calculated. 
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Figure 4.6 The follicle cells appear to surround the nurse cells in engulfment 
mutants 
 
(A-D) Stage 11-14 egg chambers from GR1-GAL4 UAS-mCD8-GFP/TM3 flies express 
membrane–GFP in the follicle cells (green), and are stained with DAPI (cyan). The 
stretch follicle cell membranes surround the nurse cells during late oogenesis. (E-H) Most 
follicle cells from UAS-draperRNAi/+; GR1-GAL4 UAS-mCD8-GFP/+ egg chambers in 
stages 10-14 of oogenesis appear to surround the nurse cells. (I-L) Most follicle cells 
from GR1-GAL4 UAS-mCD8-GFP/UAS-Ced-12RNAi egg chambers in stages 11-14 of 
oogenesis appear to surround the nurse cells. Occasionally some nurse cells do not appear 
to be surrounded by the follicle cells (arrow). Scale bar = 50 µm.  
Credit: Images acquired by Albert Mondragon  
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Figure 4.7 Other known engulfment genes are required in the follicle cells for nurse 
cell removal. 
 
 
Quantification of persisting nuclei in myoblast city (GR1-GAL4/UAS-mbcRNAi), shark 
(GR1-GAL4/UAS-sharkRNAi), and Rac1 (GR1-GAL4/UAS-Rac1DN) knockdowns identified 
in the candidate gene screen (Table 4.1). Data presented are mean ± SEM. p-values were 
determined using a two-tailed t-test and indicate significance compared to the control. 
****p≤0.0001. 
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Figure 4.8 The JNK pathway is activated in the follicle cells during late oogenesis 
 
 
puc-lacZ was used as a reporter for JNK activity (arrows).  Stage 11-14 egg chambers 
(puc-lacZ/TM3 ) were stained with anti-β-Gal (red), and DAPI (cyan). puc-lacZ is 
initially detected in the follicle cells during stage 11 (A-A’) and becomes most highly 
expressed in stages 12-13 (B-B’ and C-C’). puc-lacZ is also apparent in some follicle 
cells along the dorsal appendages in stage 14 (D-D’). Scale bar= 50 µm. 
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Figure 4.9 JNK signaling is required in the follicle cells for nurse cell removal 
during developmental programmed cell death 
 
(A-D) Stage 14 egg chambers were stained with DAPI (blue). Persisting nuclei (arrows) 
are observed in stage 14 egg chambers of JNK pathway knockdowns stained with DAPI 
(blue). (A) Control (GR1-GAL4/UAS-luciferaseRNAi) does not have persisting nurse cell 
nuclei. (B-D) Persisting nurse cell nuclei are found in (B) GR1-GAL4/UAS-kayakRNAi (C) 
GR1-GAL4/UAS-jraRNAi, and (D) GR1-GAL4/UAS-CkaRNAi . Scale bar= 20 µm. (E) 
Quantification of persisting nuclei in JNK pathway knockdowns, including bskDN, 
kayakRNAi, jraRNAi, and CkaRNAi (data from two distinct UAS-CkaRNAi lines were combined), 
compared to the control GR1-GAL4/UAS-luciferaseRNAi. Data presented are mean ± SEM. 
p-values were determined using a two-tailed t-test and indicate significance compared to 
the control. ****p≤0.0001. (F) Alternative quantification of data presented in (E). The 
number of persisting nuclei (PN) per stage 14 egg chamber was categorized into bins of 0 
PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 egg 
chambers in each bin was calculated.   
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Figure 4.10 JNK is required for maintaining enrichment of Draper along follicle cell 
membranes, but draper is not required for the activation of JNK 
 
(A-D’) Control (PG150-GAL4/+; UAS-mCD8-GFP/+) and kayak knockdown (GR1-
GAL4/UAS-kayakRNAi) egg chambers were stained together with anti-Draper antibody 
(red) and DAPI (cyan). (A-A’) In control stage 11 egg chamber, Draper is enriched along 
the follicle cell membranes. (B-B’) When kayak is knocked down in the follicle cells, the 
enrichment of Draper in a stage 11 egg chamber is normal. (C-C’) Control stage 13 egg 
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chamber has intense Draper enrichment. (D-D’) The enrichment of Draper on the follicle 
cell membranes in the stage 13 kayak knockdown is reduced compared to the control. (E-
H’) Projection images of control (puc-lacZ/TM3) and draper∆5 (+/CyO; puc-lacZ 
draper∆5/ draper∆5) egg chambers stained with DAPI (cyan), and anti-β-Gal (red) to 
detect JNK activity (arrows). puc-lacZ is detected in the follicle cells of both control and 
draper∆5 egg chambers (E-E’) Control stage 11 (F-F’) draper∆5 stage 11. (G-G’) Control 
stage 13. (H-H’) draper∆5 stage 13. Scale bar = 50 µm. 
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Figure 4.11 JNK and draper act in the same pathway 
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(A) Quantification of persisting nurse cell nuclei in draper kayak double knockdown 
reveals that there is no significant (ns) difference between the draper kayak double 
knockdown (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 G89/UAS- kayak RNAi) and draper 
knockdown (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 G89/ MKRS) or the kayak 
knockdown (UAS-GAL4/CyO; GR1-GAL4 G89/ UAS-kayak RNAi). Mixed sibling controls 
lack either the GAL4 driver or the RNAi constructs. Data presented are mean ± SEM. p-
values were determined using a two-tailed t-test. RNAi knockdowns were compared to 
the control (indicated on top of bar) and to each other. ****p≤0.0001. (B) Alternative 
quantification of data presented in (A). The number of persisting nuclei (PN) per stage 14 
egg chamber were categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 
13-15 PN and the percentage of stage 14 egg chambers in each bin was calculated. The 
double knockdown of draper and kayak does not result in a stronger persisting nuclei 
phenotype than draper or kayak single knockdowns. 
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Figure 4.12 Ced-12 and draper act in parallel pathways. 
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(A-B) Stage 14 egg chambers were stained with DAPI (blue). draper Ced 12 double 
knockdowns have a severe persisting nuclei phenotype (arrow). (A) Control (UAS-
GAL4/Sco; MKRS/TM6B) stage 14 egg chamber does not have any persisting nurse cell 
nuclei. (B) Egg chamber from draper Ced-12 double knockdown (UAS-GAL4/UAS-
draperRNAi; GR1-GAL4 G89/ UAS-Ced-12 RNAi) exhibits a complete failure in nurse cell 
removal since all 15 nurse cell nuclei persist. Scale bar=20 µm. (C) Quantification of 
persisting nurse cell nuclei in draper Ced-12 double knockdown. draper Ced-12 
knockdown (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 G89/ UAS-Ced-12 RNAi ) has 
significantly more persisting nuclei phenotype than the draper knockdown (UAS-
GAL4/UAS-draperRNAi; GR1-GAL4 G89/ MKRS ) or Ced-12 knockdown (UAS-
GAL4/CyO; GR1-GAL4 G89 /UAS-Ced-12 RNAi). Mixed sibling controls lack either the 
GAL4 driver or the RNAi constructs. Data presented are mean ± SEM. p-values were 
determined using a two-tailed t-test. RNAi knockdowns were compared to the control 
(indicated on top of bar) and to each other (indicated with brackets). ****p≤0.0001. (D) 
Alternative quantification of data presented in (C). The number of persisting nuclei (PN) 
per stage 14 egg chamber were categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 
10-12 PN, and 13-15 PN and the percentage of stage 14 egg chambers in each bin was 
calculated.  The draper Ced-12 double knockdown results in a stronger persisting nuclei 
phenotype than draper or Ced-12 single knockdowns. 
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Figure 4.13 Ced-12 is required for the activation of JNK 
 
Projection images (34 slices) of stage 11 egg chambers stained with anti-β-Gal (red) as a 
readout of JNK activity and DAPI (cyan). (A-A’) Most stretch follicle cells in control 
(puc-lacZ/TM3) have activated puc-lacZ. (B-B’) puc-lacZ/GR1-GAL4 UAS-Ced-12RNAi 
egg chamber contains several follicle cells without puc-lacZ (arrows). Scale bar = 50 µm.  
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Figure 4.14 Accumulation of nurse cells in the ovary results in reduced fecundity. 
 
(A-B) Intact ovaries stained with DAPI (blue). (A) Control (FRT 2A/Df(3L)BSC181) 
ovary does not contain lingering nurse cell corpses. The center of the ovary contains 
follicle cells that have been shed from mature egg chambers as they enter the oviduct 
(arrowheads). (B) Nurse cell corpses accumulate in draper∆5 ovary (arrows). Scale bar 
=100 µm. (C) draper Ced-12 double knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-
draperRNAi; UAS- Ced-12 RNAi/+) have reduced egg laying compared to the control 
(PG150-GAL4/+; UAS-GAL4/+; UAS-luciferaseRNAi/+). Egg laying was quantified in 
females 21-25 days old. n= number of females. Data presented are # of eggs 
laid/female/day  ± SEM. p-values were determined using a two-tailed t-test and indicate 
significance compared to the control. **p≤0.01. 
Credit: Images (A-B) acquired by Claire Schenkel. Experiment presented in (C) 
performed by Jeffrey Taylor  
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Figure 4.15 Ced-12 knockdowns and draper∆5mutants have defects in border cell 
migration. 
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(A-B) Egg chambers express membrane GFP in the follicle cells (green), including the 
border cells (arrows). (A) Border cells in GR1-GAL4 UAS-mCD8-GFP/TM3  (control) 
stage 10 egg chambers successfully migrate to the nurse cell/oocyte interface. (B) GR1-
GAL4 UAS-mCD8-GFP/UAS-Ced-12RNAi egg chambers have impaired border cell 
migration. Scale bar=50 µm. (C) Ced-12 knockdowns (GR1-GAL4 UAS-mCD8-
GFP/UAS-Ced-12RNAi) have impaired border cell migration compared to control (GR1-
GAL4 UAS-mCD8-GFP/TM3). Border cell migration in knockdown (UAS-draperRNAi/+; 
GR1-GAL4/+) is normal. Data presented are mean % migration ± SEM.****p≤0.0001. 
(D-E) Egg chambers stained with anti-FasIII (red) to mark polar cells within the border 
cell cluster (arrows). (D) w1118  control stage 10 egg chamber has normal border cell 
migration. (E) Border cell migration is delayed in draper∆5 mutant. (F) draper∆5 egg 
chambers have impaired border cell migration compared to control (w1118). Data 
presented are mean % migration ± SEM. p-values were determined using a two-tailed t-
test and indicate significance compared to the control. ****p≤0.0001. 
 
Credit: Katherine Moynihan 
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Figure 4.16 deep orange is required in the follicle cells for nurse cell removal 
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(A-D) Stage 14 egg chambers stained with DAPI (blue). (A) Control (w1118  ) stage 14 egg 
chamber does not have persisting nurse cell nuclei. (B) deep orange (dor) hypomorph 
(dor8/dor4) stage 14 egg chamber has persisting nurse cell nuclei (arrow). (C) 
Knockdown of dor specifically in the follicle cells (GR1-GAL4/UAS-dorRNAi) causes 
persisting nuclei (arrow).  (D) dor germline clone (GLC) stage 14 egg chamber is normal. 
Scale bar = 20 µm. (E) Quantification of persisting nuclei. dorRNAi quantification includes 
two distinct RNAi lines. Data presented are mean ± SEM. p-values were determined 
using a two-tailed t-test and indicate significance compared to the control ****p<0.0001. 
(F) Alternative quantification of data presented in (E). The number of persisting nuclei 
(PN) per stage 14 egg chamber were categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 
PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 egg chambers in each bin 
was calculated. 	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Figure 4.17 Endocytosis genes are required in the follicle cells for nurse cell removal 
 
(A) Quantification of persisting nuclei in Rab5, Rab7, and Rab35 follicle cell 
knockdowns that were identified in the candidate screen. Data presented are mean ± 
SEM. p-values were determined using a two-tailed t-test and indicate significance 
compared to the control. **** p≤0.0001. (B) Alternative quantification of data presented 
in (A). The number of persisting nuclei (PN) per stage 14 egg chamber were categorized 
into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage 
of stage 14 egg chambers in each bin was calculated.   
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Figure 4.18 LysoTracker staining is disrupted in draper Ced-12 double knockdowns 
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(A-A’) LysoTracker staining (red) on egg chambers that express membrane-GFP (green) 
specifically in stretch follicle cells (PG150-GAL4/+; UAS-mCD8-GFP/+). (A) Two 
nurse cell nuclei are acidified in a stage 12 egg chamber (arrows), and LysoTracker 
puncta are present within the stretch follicle cell membranes (arrowheads). Scale bar= 50 
µm. (A’) Zoom of image pictured in (A) shows LysoTracker puncta in the stretch follicle 
cell membranes. (B-C’) Stage 13 egg chambers stained with DAPI (cyan) and 
LysoTracker (red). (B-B’) Control (UAS-GAL4/Sco;MKRS/TM6B) stage 13 egg chamber 
has acidified nurse cell nuclei (arrow) and LysoTracker puncta (arrowhead). (C-C’) 
draper Ced-12 double knockdown (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 G89/ UAS-
Ced-12 RNAi) stage 13 egg chamber does not contain acidified nurse cell nuclei nor 
LysoTracker puncta. (D) The percentage of late stage egg chambers (stage 11-14) with 
LysoTracker staining was quantified. Control is mixed siblings lacking either the GAL4 
driver or the RNAi construct and other genotypes are: draperRNAi (UAS-GAL4/UAS-
draperRNAi; GR1-GAL4 G89/ MKRS), Ced-12RNAi (UAS-GAL4/Sco; GR1-GAL4 UAS-Ced-
12 RNAi/ GR1-GAL4 G89 or TM6B) and draper Ced-12 double knockdown (UAS-
GAL4/UAS-draperRNAi; GR1-GAL4 UAS-Ced-12 RNAi/ GR1-GAL4 G89 or TM6B).  
 
Credit: Images A-A’ acquired by Claire Schenkel  
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Figure 4.19 Caspases are not required in the nurse cells for DNA fragmentation 
 
Stage 13 egg chambers stained with DAPI (blue) and TUNEL (green) as a marker for 
DNA fragmentation. (A-A’) Control (nanos-GAL4/+) egg chamber contains several 
TUNEL-positive nurse cell nuclei (arrow) although only one nucleus is visible by DAPI 
staining. (B-B’) Overexpression of Diap1 (nanos-GAL4/UASp-Diap1) shows several 
TUNEL-positive nuclei (arrow). Scale bar =50 µm. (C) The percentage of egg chambers 
containing TUNEL-positive nuclei in the late stages of oogenesis (stage 11-14) was 
quantified for each genotype. For control egg chambers (nanos-GAL4/+): stage 11 
(n=14), stage 12 (n=21), stage 13 (n= 52), stage 14 (n=72). For overexpression of Diap1 
(nanos-GAL4/UASp-Diap1): stage 11 (n=8), stage 12 (n=18), stage 13 (n= 42), stage 14 
(n=62).        
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Figure 4.20 draper is required in follicle cells for DNA fragmentation of nurse cells. 
 
Stage 13 egg chambers stained with DAPI (blue) and TUNEL (green) as a marker for 
DNA fragmentation. (A-A’) Control (PG150-GAL4/+; UAS-luciferaseRNAi/+) egg 
chamber has many TUNEL-positive nurse cell nuclei (arrow). (B-B’) The knockdown of 
draper specifically in the stretch follicle cells (PG150-GAL4/+; UAS-draperRNAi/+) 
shows no TUNEL staining. Scale bar=50 µm. (C) The percentage of egg chambers 
containing TUNEL-positive nuclei in the late stages of oogenesis (stage 11-14) was 
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quantified for each genotype. For control egg chambers (PG150-GAL4 > UAS-
luciferaseRNAi): stage 11 (n=61), stage 12 (n=107), stage 13 (n= 145), stage 14 (n=304). 
For knockdown of draper (PG150-GAL4> UAS-draperRNAi): stage 11 (n=55), stage 12 
(n=96), stage 13 (n= 124), stage 14 (n=303).        
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Figure 4.21 draper and Ced-12 act in the follicle cells to promote nuclear 
permeability of the nurse cells  
 
Egg chambers expressing the BB127 lacZ enhancer trap were stained with DAPI (blue) 
and anti-β-Gal (red) to detect nuclear leakage. BB127 labels both nurse cells (large 
nuclei) and centripetal follicle cells (small nuclei). Stage 10 egg chambers had oocytes 
that were ~50% of the egg chamber and stage 11 egg chambers had oocytes that were 
>50% of the egg chamber with some NC cytoplasm still apparent. (A-B’) Control egg 
chambers (mixed siblings: BB127/+; Sco or UAS-draperRNAi/CyO or UAS-GAL4; 
+/MKRS) have nurse cell nuclear β-Gal in stage 10B (A-A’) and cytoplasmic β-gal in 
stage 11 (B-B’). (C-D’) draper Ced-12 double knockdowns (BB127/+; UAS-
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draperRNAi/CyO or UAS-GAL4; +/GR1-GAL4 UAS-Ced-12RNAi) have nuclear β-Gal in 
stage 10B (C-C’). In stage 11, β-Gal staining is still largely nuclear (arrows, D-D’). Scale 
bar=50 µm. (E) The average number of intact nurse cell nuclei in stage 11 egg chambers 
was quantified. Data presented are mean ± SEM. p-values were determined using a two-
tailed t-test and indicate significance compared to the control. * p<0.05, **p≤0.01. 
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Figure 4.22 Defects in border cell migration do not affect nuclear permeability of 
the nurse cells 
 
Egg chambers expressing the BB127 lacZ enhancer trap were stained with DAPI (blue), 
anti-β-Gal (red) to detect nuclear leakage, and anti-FasIII (red) to mark polar cells within 
the border cell cluster (arrows). (A-A’) Control (BB127/+; slboRNAi/+) stage 11 egg 
chamber has normal border cell migration and cytoplasmic localization of β-gal indicates 
that nuclear leakage occurred. (B-B’) The knockdown of slbo in the follicle cells 
(BB127/+; slboRNAi/GR1-GAL4 UAS-mCD8-GFP) causes a disruption to border cell 
migration (arrow), but cytoplasmic localization of β-gal indicates that nuclear leakage 
occurred normally. Scale bar=50 µm.   
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Figure 4.23 The stretch follicle cells are required for nurse cell dumping and 
removal 
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 (A-B) Stage 14 egg chambers stained with DAPI (blue) (A) Control (FM7/+;tub-
GAL80ts/+;UAS-Diap1RNAi/+) has successfully completed nurse cell dumping and 
developmental PCD. (B) Egg chamber expresses Diap1RNAi specifically in the stretch 
follicle cells (PG150-GAL4/+;GAL80ts;UAS-Diap1RNAi/+), resulting in their death. Egg 
chamber fail to undergo nurse cell dumping and developmental PCD (arrow). Scale bar 
=50 µm. (C-D) Stage 11 egg chambers stained with DAPI (cyan), anti-cleaved-Dcp1 
(green), and phalloidin (red). (C) Phalloidin labels cytoplasmic actin network in the 
control (arrow). (D) Active Dcp-1 localizes to stretch follicle cell nuclei (arrowhead) and 
cytoplasmic actin network is absent in PG150>Diap1RNAi egg chamber. Scale bar =50 
µm. (E) Quantification of persisting nurse cell nuclei. Data presented are mean ± SEM. p-
values were determined using a two-tailed t-test and indicate significance compared to 
the control. **** p≤0.0001 (F) Quantification of cytoplasmic dumping. 
 
Credit: Albert Mondragon 
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Figure 4.24 The stretch follicle cells are required for acidification and DNA 
fragmentation of nurse cell nuclei 
 
(A-B) Stage 13 egg chambers stained with LysoTracker (red) (A) Control (FM7/+;tub-
GAL80ts/+;UAS-Diap1RNAi/+ ) egg chamber has acidified nurse cell nuclei (arrow). (B) 
LysoTracker staining is absent in PG150-GAL4/+;GAL80ts;UAS-Diap1RNAi/+ egg 
chamber.(C-D) Late stage egg chambers stained with TUNEL (green) as a marker for 
DNA fragmentation. (C) Control (FM7/+;tub-GAL80ts/+;UAS-Diap1RNAi/+) stage 13 egg 
chamber has TUNEL-positive nuclei (arrow). (D) TUNEL staining is absent in 
PG150>Diap1RNAi egg chamber. (E) Quantification of TUNEL labeling. 
Credit: Albert Mondragon  
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Table 4.1 Candidate screen for effectors of nurse cell removal during late oogenesis 
All genes were knocked down in the follicle cells (using drivers indicated) via the 
overexpression of RNAi or dominant negative constructs. The strength of the persisting 
nuclei (PN) phenotype is color coded as outlined below. No conclusions can be drawn 
from negative results, as RNAi construct may be ineffective. 
VERY STRONG 75-100% STAGE 14 EGG CHAMBERS HAVE > 4PN 
STRONG 50-75% STAGE 14 EGG CHAMBERS HAVE >4 PN 
MODERATE 25-50 % STAGE 14 EGG CHAMBERS HAVE >4 PN 
WEAK  10-25% STAGE 14 EGG CHAMBERS HAVE >4 PN 
NONE 0-10% STAGE 14 EGG CHAMBERS HAVE >4 PN 
LETHAL  
 
Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
Known 
engulfment 
genes α-PS3 BDSC y1 v1; P{TRiP.JF02696}attP2 long 10 GR1  
 β-PS BDSC y1 v1; P{TRiP.HMS00043}attP2 short 20 
GR1 with 
GAL80ts 
Rounded egg 
chambers, 
shortened 
DAs 
 β-PS BDSC y1 v1; P{TRiP.HMS00043}attP2 short 20 GR1  
 Ced-6 VDRC P{KK102788}VIE-260B long N/A GR1  
 Ced-6 
M. 
Freeman 
w-,UAS-ced6 RNAi,11804/SM1; 
+/TM3 ? N/A GR1  
 Ced-12 BDSC y1 v1; P{TRiP.HM05042}attP2 long 10 GR1  
 Ced-12 BDSC y1 v1; P{TRiP.HM05042}attP2 long 10 PG150  
 Ced-12 BDSC y1 v1; P{TRiP.HM05042}attP2 long 10 
Crq-
GAL4  
 Ced-12 BDSC y1 sc* v1; P{TRiP.GL00516}attP40 short 22 GR1  
 Ced-12 VDRC w1118; P{GD4186}v10455 long N/A GR1  
 Ced-12 VDRC P{KK102788}VIE-260B long N/A GR1  
 draper 
M. 
Freeman yw; Pwiz-draper RNAi #7b/CyO long N/A 
GR1, 
PG150  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 draper 
M. 
Freeman yw; Pwiz-draper RNAi #7b/CyO long N/A 
Crq-
GAL4  
 Gprk2 BDSC y1 sc* v1; P{TRiP.HMS00161}attP2 short 20 GR1  
 shark BDSC y1 v1; P{TRiP.JF01794}attP2 long 10 GR1  
      
MAPK 
signaling bsk BDSC w1118 P{w[+mC]=UASbsk.DN}2 N/A N/A GR1 
49% have 
shortened 
DAs 
 bsk BDSC w1118 P{w[+mC]=UASbsk.DN}2 N/A N/A PG150 Normal DAs 
 bsk BDSC w1118 P{w[+mC]=UASbsk.DN}2 N/A N/A C323a 
95% have 
shortened 
DAs 
 bsk BDSC y1 v1; P{TRiP.JF01275}attP2 long 1 GR1  
 bsk BDSC y1 v1; P{TRiP.JF01275}attP2 long 1 
CY2, 
C323a  
 bsk BDSC 
y1 v1; P{TRiP.JF01274}attP2/TM3, 
Ser1 long 1 
GR1, 
C323a  
 Cka BDSC y1 v1; P{TRiP.HM05138}attP2 long 10 GR1 Normal DAs 
 Cka BDSC y1 v1; P{TRiP.JF01432}attP2 long 1 GR1 Normal DAs 
 Cka BDSC y1 sc* v1;P{TRiP.HMS00081}attP2 short 20 GR1  
 eiger VDRC w1118; P{GD12658}v45252 long N/A 
GR1, 
nanos-
GAL4  
 eiger VDRC w1118; P{GD12658}v45253 long N/A 
GR1, 
nanos-
GAL4  
 hep BDSC y1 v1; P{TRiP.JF03137}attP2 long 10 GR1  
 Jra (jun) BDSC y1 v1; P{TRiP.JF01184}attP2 long 1 GR1 Normal DAs 
 kayak (fos) BDSC y1 sc* v1;P{TRiP.HMS00254}attP2 short 20 GR1  
 kayak (fos) BDSC y1 v1; P{TRiP.JF02804}attP2 long 1 GR1 
Shortened 
DAs 
 kayak (fos) BDSC y1 v1; P{TRiP.JF02804}attP2 long 1 PG150 Normal DAs 
 licorne BDSC y1 v1; P{TRiP.JF01433}attP2 long 1 GR1  
 Mekk1 BDSC y1 v1; P{TRiP.HM05075}attP2 long 10 GR1  
 misshapen BDSC y1 v1; P{TRiP.JF03219}attP2 long 10 GR1 
Rounded egg 
chambers, 
poor DA 
formation 
 Mkk4 BDSC y1 sc* v1; P{TRiP.GL00010}attP2 short 22 GR1  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 Mkk4 BDSC y1 sc*v1;P{TRiP.HMS02524}attP40 short 20 GR1  
 Mpk2 BDSC y1 sc* v1;P{TRiP.HMS01224}attP2 short 20 GR1 Thin DAs 
 Mpk2 BDSC y1 v1; P{TRiP.JF02625}attP2 long 10 GR1 Thin DAs 
 Mtl BDSC y1 v1; P{TRiP.JF03037}attP2 long 10 GR1  
 Mtl BDSC y1 sc* v1;P{TRiP.HMS01500}attP2 short 20 GR1  
 p38b BDSC y1 v1; P{TRiP.JF03341}attP2 long 10 GR1  
 
pk92b 
(DASK1) BDSC y1 sc* v1;P{TRiP.HMS00464}attP2 short 20 GR1 
Rounded egg 
chambers 
 pebbled BDSC y1 sc* v1;P{TRiP.HMS00843}attP2 short 20 GR1  
 pebbled BDSC 
y1 sc* v1; 
P{TRiP.HMS00894}attP2/TM3, Sb1 short 20 GR1  
 puckered BDSC 
y1 sc* v1; 
P{TRiP.HMS01386}attP2/TM3, Sb1 short 20 GR1  
 pvr BDSC 
y1 sc* v1; 
P{TRiP.HMS01662}attP40 short 20 GR1  
 slipper BDSC y1 sc* v1;P{TRiP.HMS00742}attP2 short 20 GR1 Thin DAs 
 Tak1 BDSC y1 sc* v1;P{TRiP.HMS00282}attP2 short 20 GR1  
 Tak1 BDSC 
y1 v1; P{TRiP.JF01492}attP2/TM3, 
Ser1 long 1 GR1  
 Tak1 BDSC 
y1 v1; P{TRiP.JF01384}attP2/TM3, 
Ser1 long 1 GR1  
 traf6 BDSC y1 sc* v1;P{TRiP.HMS00880}attP2 short 20 GR1  
 wallenda BDSC y1 v1; P{TRiP.JF02675}attP2 long 10 GR1  
 wengen BDSC y1 sc* v1; P{TRiP.GLC01716}attP2 short 22 GR1  
 wengen VDRC w1118; P{GD3427}v9152 long N/A GR1  
        
Cytoskeletal Arp2 BDSC y1 v1; P{TRiP.JF02813}attP2 e* long 10 GR1 
Some 
Dumpless 
 Cdc-42 BDSC y1 v1; P{TRiP.JF02855}attP2 long 10 
GR1, 
PG150  
 Cdc-42 BDSC 
y1 sc* v1; 
P{TRiP.HMS01502}attP40 short 20 GR1 
Rounded egg 
chambers 
 Rac1 BDSC y1 w*; P{UAS-Rac1.N17}1 N/A N/A PG150  
 Rac1 BDSC y1 w*; P{UAS-Rac1.N17}1 N/A N/A GR1  
 Rac1 BDSC y1 w*; P{UAS-Rac1.N17}1 N/A N/A 
Crq-
GAL4  
 Rac1 BDSC y1 v1; P{TRiP.JF02813}attP2 e* long 10 GR1  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 Rho1 BDSC 
y1 sc* v1; 
P{TRiP.HMS00375}attP2/TM3, Sb1 short 20 GR1  
 Rho1 BDSC y1 v1; P{TRiP.JF02809}attP2 long 10 GR1  
 SCAR BDSC y1 sc* v1;P{TRiP.HMS01536}attP2 short 20 GR1  
 SCAR BDSC y1 v1; P{TRiP.JF01599}attP2 long 1 GR1  
 WASp BDSC 
y1 sc* v1; 
P{TRiP.HMS01534}attP40 short 20 GR1  
 WASp BDSC y1 v1; P{TRiP.JF01975}attP2 long 10 GR1  
       
Endosomal 
and Lysosomal 
Trafficking dor VDRC w1118 P{GD10124}v33733 long N/A GR1  
 dor  VDRC w1118 P{GD10124}v33734 long N/A GR1  
 endoA BDSC y1 v1; P{TRiP.JF02758}attP2 long 10 GR1  
 Lamp 1 BDSC y1 sc* v1;P{TRiP.HMS01698}attP2 short 20 GR1  
 Lamp 1 BDSC y1 sc* v1; P{TRiP.GLV21040}attP2 short 20 GR1  
 Lamp 1 BDSC y1 sc* v1;P{TRiP.HMS01802}attP2 short 20 GR1  
 Rab5 BDSC y1 v1; P{TRiP.JF03335}attP2 long 10 GR1  
 Rab5 BDSC y1 sc* v1; P{TRiP.HMS00147}attP2 short 20 GR1 
Shortened 
DAs 
 Rab7 BDSC y1 v1; P{TRiP.JF02377}attP2 long 10 GR1  
 Rab11 BDSC 
P{UAS-Rab11.dsRNA.WIZ}F3-B, 
w1118 long N/A GR1  
 Rab11 BDSC 
P{UAS-Rab11.dsRNA.WIZ}F3-B, 
w1118 long N/A 
GR1 with 
GAL80ts  
 Rab11 BDSC 
P{UAS-Rab11.dsRNA.WIZ}F3-B, 
w1118 long N/A PG150  
 Rab11 BDSC  y1 v1; P{TRiP.JF02812}attP2 long 10 GR1 
Stage 14's 
have 
shriveled 
appearance 
 Rab11 BDSC  y1 v1; P{TRiP.JF02812}attP2 long 10 
GR1 with 
GAL80ts  
 Rab11 BDSC y1 v1; P{TRiP.JF02812}attP2 long 10 PG150  
 Rab35 BDSC y1 v1; P{TRiP.JF02978}attP2 long 10 GR1  
 spinster BDSC y1 v1; P{TRiP.JF02782}attP2 long 10 GR1  
       
Myoblast 
Fusion myoblast city BDSC y1 sc* v1;P{TRiP.HMS00604}attP2 short 20 GR1  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 myoblast city BDSC y1 sc* v1;P{TRiP.HMS00346}attP2 short 20 GR1  
 myoblast city VDRC w1118; P{GD6965}v16044 long N/A GR1  
 roughest BDSC 
y1 v1; P{TRiP.JF03087}attP2/TM3, 
Sb1 long 10 GR1  
 Vrp1 BDSC y1 sc* v1;P{TRiP.HMS01593}attP2 short 20 GR1  
 Vrp1 BDSC y1 sc* v1; P{TRiP.GL00640}attP40 short 22 GR1  
 dock BDSC 
y1 v1; 
P{TRiP.GL01519}attP2/TM3,Sb1 short 22 GR1  
 dock BDSC y1 v1; P{TRiP.JF02810}attP2 long 10 GR1  
 pglym78 BDSC y1 v1; P{TRiP.JF02073}attP2 long 10 GR1  
 pglym78 BDSC y1 v1; P{TRiP.GL01143}attP2 short 22 GR1  
       
Wnt pathway armadillo BDSC y1 sc* v1P{TRiP.HMS01414}attP2 short 20 GR1  
 armadillo BDSC y1 v1; P{TRiP.JF01252}attP2 long 1 GR1 Dumpless 
 armadillo BDSC y1 v1; P{TRiP.JF01252}attP2 long 1 PG150  
 armadillo BDSC 
y1 v1; 
P{TRiP.JF01251}attP2/TM3,Ser1 long 1 GR1  
 arrow BDSC y1 v1; P{TRiP.JF01260}attP2 long 1 GR1  
 arrow BDSC y1 v1; P{TRiP.JF01261}attP2 long 1 GR1  
 axin BDSC y1 v1; P{TRiP.HM04012}attP2 long 1 GR1  
 dishevelled BDSC y1 v1; P{TRiP.JF01254}attP2 long 1 GR1  
 dishevelled BDSC y1 v1; P{TRiP.JF01253}attP2 long 1 GR1  
 dishevelled BDSC y1 v1; P{TRiP.JF01253}attP2 long 1 PG150  
 dishevelled VDRC P{KK108967}VIE-260B long N/A GR1  
 frizzled BDSC 
y1 v1; 
P{TRiP.JF01258}attP2/TM3,Ser1 long 1 GR1  
 frizzled BDSC y1 v1; P{TRiP.JF01481}attP2 long 1 GR1  
 frizzled BDSC y1 sc* v1; P{TRiP.HMS01308}attP2 short 20 GR1  
 frizzled2 BDSC y1 v1; P{TRiP.JF01259}attP2 long 1 GR1  
 frizzled2 BDSC y1 v1; P{TRiP.JF02722}attP2 long 10 GR1  
 frizzled2 BDSC y1 v1; P{TRiP.JF01378}attP2 long 10 GR1  
 prickle BDSC y1 sc* v1;P{TRiP.HMS00408}attP2 short 20 GR1 
Abnormal 
stage 10's 
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 shaggy BDSC 
y1 v1; 
P{TRiP.JF01256}attP2/TM3,Ser1 long 1 GR1  
 shaggy BDSC y1 v1; P{TRiP.GL0027}attP2 short 22 GR1  
 shaggy BDSC y1 v1; P{TRiP.JF01255}attP2 long 1 GR1  
 starry night BDSC y1 v1; P{TRiP.JF02047}attP2 long 10 GR1  
 Van Gogh BDSC y1 sc* v1;P{TRiP.HMS01343}attP2 short 20 GR1  
 wingless BDSC y1 sc* v1;P{TRiP.HMS00794}attP2 short 20 GR1  
 wingless BDSC y1 sc* v1;P{TRiP.HMS00844}attP2 short 20 GR1  
 Wnt5 BDSC y1 sc* v1;P{TRiP.HMS01119}attP2 short 20 
GR1, 
PG150  
 Wnt5 BDSC y1 v1; P{TRiP.HM05020}attP2 long 20 
GR1, 
PG150  
       
Cathepsins 26-29p BDSC y1 sc* v1;P{TRiP.HMS00675}attP2 short 20 GR1  
 Cathepsin B1 BDSC y1 sc* v1; P{TRiP.HMS00906}attP2 short 20 GR1  
 Cathepsin B1 BDSC y1 v1; P{TRiP.HM05090}attP2 long 10 GR1  
 CathepsinD BDSC y1 v1; P{TRiP.HM05189}attP2 long 10 GR1  
 CP-1 BDSC y1 sc* v1;P{TRiP.HMS00725}attP2 short 20 GR1  
       
Exocytosis Amphipysin BDSC 
y y1 sc* v1; 
P{TRiP.HMS01933}attP40 short 20 GR1  
 caps BDSC y1 v1; P{TRiP.JF02854}attP2 long 10 GR1  
 comatose BDSC y1 v1; P{TRiP.JF01233}attP2 long 1 GR1  
 comatose BDSC y1 v1; P{TRiP.JF01459}attP2 long 1 GR1  
 comatose BDSC y1 sc* v1; P{TRiP.HMS01261}attP2 short 20 GR1  
 slowpoke BDSC y1 v1; P{TRiP.JF02146}attP2 long 10 GR1  
 slowpoke BDSC y1 v1; P{TRiP.JF01246}attP2 long 1 GR1  
 slowpoke BDSC y1 v1; P{TRiP.JF01470}attP2 long 1 GR1  
 Snap25 BDSC y1 v1; P{TRiP.JF02615}attP2 long 10 GR1  
 Snap25 BDSC 
y1 sc* v1; 
P{TRiP.HMS01367}attP2 short 20 GR1  
 Synaptogamin1 BDSC y1 v1; P{TRiP.JF01234}attP2 long 1 GR1  
 Synaptogamin1 BDSC y1 v1; P{TRiP.JF01461}attP2 long 1 GR1  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 unc-13 BDSC y1 v1; P{TRiP.JF02440}attP2 long 10 GR1  
       
Miscellaneous Abl BDSC y1 v1; P{TRiP.JF02960}attP2 long 10 GR1  
 corkscrew BDSC y1 v1; P{TRiP.HMS00012}attP2 short 20 GR1  
 CYLD BDSC y1 v1; P{TRiP.HMS02006}attP40 short 20 GR1  
 Dcp-1 BDSC y1 v1; P{TRiP.HM05120}attP2 long 10 GR1  
 Dpp BDSC y1 v1; P{TRiP.JF02794}attP2 short 20 
GR1, 
PG150  
 eater BDSC y1 v1; P{TRiP.JF01884}attP2 long 10 GR1  
 fmr1 BDSC y1 v1; P{TRiP.JF02634}attP2 long 10 GR1  
 fmr1 BDSC y1 sc* v1;P{TRiP.HMS00248}attP2 short 20 GR1  
 fmr1 BDSC y1 sc* v1; P{TRiP.GL00075}attP2 short 22 GR1  
 Innexin2 BDSC y1 v1; P{TRiP.JF02446}attP2 long 10 GR1 
Massive mid-
stage death, 
no late stage 
egg chambers 
 Innexin3 BDSC y1 sc* v1; P{TRiP.HM05245}attP2 long 10 GR1  
 Innexin7 BDSC y1 v1; P{TRiP.JF02066}attP2 long 10 GR1  
 Mmp1 BDSC y1 v1; P{TRiP.JF01336}attP2 long 1 GR1  
 Mmp2 BDSC y1 v1; P{TRiP.JF01337}attP2 long 1 GR1 
Follicle cell 
death 
apparent in 
stage 10 
 Notch BDSC y1 v1; P{TRiP.HMS00009}attP2 short 20 GR1 
Massive mid-
stage death, 
no late stage 
egg chambers 
 Notch BDSC y1 v1; P{TRiP.HMS00001}attP2 short 20 GR1 
Massive mid-
stage death, 
no late stage 
egg chambers 
 ogre BDSC y1 v1; P{TRiP.JF02595}attP2 long 10 GR1  
 pkd2 BDSC y1 v1; P{TRiP.JF01241}attP2 long 1 GR1  
 pkd2 BDSC y1 v1; P{TRiP.JF01468}attP2 long 1 GR1  
 ribbon BDSC y1 v1; P{TRiP.HMC03083}attP2 short 20 GR1  
 Rya-r44F BDSC y1 v1; P{TRiP.JF03381}attP2 long 10 GR1  
 Rya-r44F BDSC y1 v1; P{TRiP.HM05130}attP2 long 10 GR1  
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Category Gene Source Genotype Short 
or 
long 
VALIUM GAL4 
driver 
Comments 
 sponge BDSC 
y1 sc* v1; 
P{TRiP.HMS01356}attP2/TM3,Sb1 short 20 GR1  
 sponge BDSC y1 sc* v1; P{TRiP.GL00316}attP2 short 22 GR1  
 zpg BDSC y1 v1; P{TRiP.JF02753}attP2 long 10 GR1  	  
Credit: Jeffrey Taylor 
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Table 4.2 Quantification of persisting nuclei in follicle cell specific effectors of nurse 
cell removal  
All genes with a failure in nurse cell removal that were identified in the candidate gene 
screen summarized in Table 4.1 were quantified. The number of persisting nuclei (PN) 
per stage 14 egg chamber was categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-
12 PN, and 13-15 PN and the percentage of stage 14 egg chambers in each bin was 
calculated. n= number of stage 14 egg chambers.  
VERY STRONG 75-100% STAGE 14 EGG CHAMBERS HAVE > 4PN 
STRONG 50-75% STAGE 14 EGG CHAMBERS HAVE >4 PN 
MODERATE 25-50 % STAGE 14 EGG CHAMBERS HAVE >4 PN 
WEAK  10-25% STAGE 14 EGG CHAMBERS HAVE >4 PN 
 
Category Gene Genotype 
GAL4 
driver 
0 
PN 
1-3 
PN 
4-6 
PN 
7-9 
PN 
10-12 
PN 
13-15 
PN n 
Known  
engulfment 
genes 
α-PS3 y1 v1; P{TRiP.JF02696}attP2 GR1 17.2 54.4 27.2 0.6 0.6 0.0 180 
β-PS 
y1 v1; 
P{TRiP.HMS00043}attP2 
GR1 with 
GAL80ts 10.0 18.8 55.0 16.3 0.0 0.0 80 
 Ced-12 y1 v1; P{TRiP.HM05042}attP2 GR1 4.6 14.5 45.7 24.0 9.9 1.3 304 
 Ced-12 y1 v1; P{TRiP.HM05042}attP2 PG150 54.4 34.4 9.1 2.2 0.0 0.0 276 
 Ced-12 
y1 sc* v1; 
P{TRiP.GL00516}attP40 GR1 10.8 17.5 30.0 29.2 12.5 0.0 120 
 Ced-12 w1118; P{GD4186}v10455 GR1 29.0 44.7 21.1 5.3 0.0 0.0 76 
 draper 
yw;Pwiz-draper RNAi 
#7b/CyO GR1 1.6 5.2 18.2 38.5 31.3 5.2 192 
 draper 
yw;Pwiz-draper RNAi 
#7b/CyO PG150 0.6 0.0 6.8 37.7 44.1 10.8 324 
 draper 
yw;Pwiz-draper RNAi 
#7b/CyO Crq-GAL4 55.0 29.3 10.7 5.0 0.0 0.0 140 
 Gprk2 
y1 sc* v1; 
P{TRiP.HMS00161}attP2 GR1 16.3 34.9 20.9 20.9 7.0 0.0 43 
 shark y1v1;P{TRiP.JF01794}attP2 GR1 29.7 43.5 23.1 3.6 0.0 0.0 333 
           
MAPK 
Signaling bsk 
w1118 P{w[+mC]=UAS-
bsk.DN}2 GR1       150 
 bsk y1 v1; P{TRiP.JF01275}attP2 GR1 32.0 42.7 22.0 2.0 1.3 0.0 211 
 Cka y1 v1; P{TRiP.JF01432}attP2 GR1 49.3 40.3 9.0 1.0 0.5 0.0 148 
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Category Gene Genotype 
GAL4 
driver 
0 
PN 
1-3 
PN 
4-6 
PN 
7-9 
PN 
10-12 
PN 
13-15 
PN n 
 Cka y1 v1; P{TRiP.HM05138}attP2 GR1 28.4 20.3 11.5 10.8 21.6 7.4 377 
 Jra (jun) y1 v1; P{TRiP.JF01184}attP2 GR1 2.7 9.0 41.9 39.3 7.2 0.0 345 
 kayak (fos) y1 v1; P{TRiP.JF02804}attP2 GR1 22.6 31.9 33.0 10.7 1.7 0.0 248 
 kayak (fos) y1 v1; P{TRiP.JF02804}attP2 PG150 1.6 5.6 35.1 40.7 14.5 2.4 145 
           
Cytoskeletal Arp2 
y1 v1; P{TRiP.JF02813}attP2 
e* GR1 11.0 44.1 29.0 13.1 2.8 0.0 54 
 Rac1 y1 w*; P{UAS-Rac1.N17}1 PG150 1.9 1.9 29.6 50.0 9.3 7.4 107 
 Rac1 y1 w*; P{UAS-Rac1.N17}1 GR1 1.9 4.7 24.3 54.2 15.0 0.0 77 
 Rac1 y1 w*; P{UAS-Rac1.N17}1 Crq-GAL4 55.8 11.7 2.6 13.0 11.7 5.2 186 
 WASp y1 v1; P{TRiP.JF01975}attP2 GR1 15.6 22.0 25.3 23.1 13.4 0.5 127 
           
Endosomal 
and  
Lysosomal 
Trafficking 
dor w1118 P{GD10124}v33733 GR1 38.6 43.3 18.1 0.0 0.0 0.0 178 
dor  w1118 P{GD10124}v33734 GR1 0.6 0.6 15.7 44.9 30.3 7.9 186 
 Rab5 y1 v1; P{TRiP.JF03335}attP2 GR1 0.0 0.5 12.4 36.6 40.3 10.2 37 
 Rab5 
y1 sc* v1; 
P{TRiP.HMS00147}attP2 GR1 8.1 13.5 27.0 32.4 18.9 0.0 68 
 Rab7 y1 v1; P{TRiP.JF02377}attP2 GR1 0.0 2.9 25.0 47.1 22.1 2.9 98 
 Rab11 y1 v1; P{TRiP.JF02812}attP2 
GR1 with 
GAL80ts 32.7 24.5 14.3 12.2 10.2 6.1 35 
 Rab35 y1 v1; P{TRiP.JF02978}attP2 GR1 14.3 51.4 25.7 8.6 0.0 0.0 30 
           
Myoblast 
Fusion 
myoblast 
city w1118; P{GD6965}v16044 GR1 0.0 0.0 6.7 40.0 46.7 6.7 34 
           
Wnt  
Pathway 
dishevelled y1 v1; P{TRiP.JF01253}attP2 GR1 0.0 2.9 32.4 61.8 2.9 0.0 810 
dishevelled P{KK108967}VIE-260B GR1 36.0 40.1 16.2 6.3 1.4 0.0 26 
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CHAPTER FIVE  
Discussion and future perspectives (Portions	  of	  this	  chapter	  were	  previously	  published	  in	  Jenkins	  et	  al.	  2013)	  
  
 In this chapter, I will discuss the significant findings and conclusions of this work. 
A model is presented to illustrate the mechanisms of developmental programmed cell 
death and non-professional engulfment that promote death and removal of the germline 
during Drosophila oogenesis. I will also discuss open questions and future perspectives 
of this research.   
 
5.1 Summary of findings: Draper acts through the JNK pathway to control 
synchronous engulfment of dying germline cells by follicular epithelial cells 
 In the Drosophila ovary, the germline undergoes programmed cell death (PCD) in 
response to starvation and its remnants are engulfed by the surrounding somatic follicle 
cells. The engulfment receptor Draper is enriched and required in the follicle cells for 
engulfment of the dying nurse cells. As in C. elegans, Draper likely acts through Rac1 to 
promote cytoskeletal rearrangements. In draper mutant egg chambers, follicle cells fail to 
enlarge or engulf germline material. A similar phenotype is seen when draper is knocked 
down specifically in the follicle cells, demonstrating a requirement for draper specifically 
in the phagocytic follicle cells. Egg chambers that are defective in engulfment contain 
lingering germline material, and follicle cells die prematurely. We identified a novel role 
for the JNK pathway during non-professional engulfment. The JNK pathway is activated 
downstream of Draper, and it is required in the follicle cells during engulfment. 
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Remarkably, expression of constitutively activated hemipterous, a JNK kinase, is 
sufficient to induce engulfment by the follicle cells in the absence of draper, indicating 
that the JNK pathway can activate Draper-independent pathways to promote engulfment. 
Moreover, overexpression of activated hemipterous in a WT background causes the 
follicle cells to engulf and kill the nurse cells in the absence of starvation, suggesting that 
the follicle cells have the capability to induce nurse cell death. Together, these data 
suggest a model where Draper recognizes an unknown signal from the nurse cells, which 
leads to the activation of Rac1 and JNK signaling, which promotes engulfment and the 
progression of germline PCD. In a feed-forward loop, JNK signaling also leads to an 
increase in Draper as engulfment proceeds (Figure 5.1). Prior to beginning this work, a 
role for the JNK pathway had never been demonstrated during non-professional 
engulfment. In addition to our work, JNK signaling has now been reported to regulate 
engulfment of imaginal disc “loser” cells succumbing to cell competition and in glia for 
the removal of severed axons (Ohsawa et al., 2011; Macdonald et al., 2013). 
Furthermore, a modifier screen found that the JNK pathway genetically interacts with 
Draper (Fullard and Baker, 2014).  	  
5.1.1 Open questions and future directions 
 Although the work presented in this dissertation has begun to define the 
mechanisms of non-professional engulfment in the Drosophila ovary, there remain many 
unanswered questions. Here, I will discuss open questions and future perspectives of this 
research.  
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 The first unanswered question is: what is the time course of PCD and engulfment 
during mid-oogenesis in response to starvation? We attempted to establish a time course 
of PCD and engulfment during mid-oogenesis by quantifying the distribution of the 
phases of death in response to increasing amounts of starvation. We observed egg 
chambers in early phases of death within four hours of starvation and a shift towards late 
dying egg chambers after 8 and 18 hours. Therefore, we estimate that the progression of 
PCD of the nurse cells and engulfment by the follicle cells takes approximately 8-10 
hours. The most accurate way to address this question would be to perform live imaging 
experiments. Live imaging techniques of egg chambers are established in the field 
(Prasad et al., 2007), but the culture conditions were designed to support the development 
of living egg chambers. To date, culture conditions to observe dying egg chambers have 
not been established. Therefore, we plan to establish live imaging techniques to observe 
the dynamics of PCD and engulfment during mid-oogenesis.   
 In engulfing follicle cells, Draper becomes enriched on the plasma membrane: 
what is the initial signal that activates Draper in the follicle cells? One well-known 
engulfment ligand in mammals and C. elegans is phosphatidylserine (PS). PS is a 
phospholipid normally found of the inner leaflet of the plasma membrane that flips to the 
outer surface of the plasma membrane in apoptotic cells. In Drosophila models of 
engulfment, whether PS acts as a ligand for Draper remains unclear (Manaka et al., 2004; 
Kuraishi et al., 2009; Tung et al., 2013). Furthermore, the scramblase responsible for 
flipping PS in apoptotic cells has not been identified in Drosophila. Therefore, further 
investigations are necessary to determine the role of PS during engulfment in Drosophila.  
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 The JNK pathway is activated in engulfing follicle cells during mid-oogenesis, 
but exactly how JNK becomes activated remains unclear. One candidate is Rac1, which  
is reported to activate the JNK pathway and acts downstream of Draper (Kinchen et al., 
2005). Another possibility is that JNK is activated by Shark or Src42A. Shark and 
Src42A are both non-receptor tyrosine kinases that interact with Draper during 
engulfment, and have been shown to regulate JNK activity during dorsal closure 
(Fernandez et al., 2000; Tateno et al., 2000; Ziegenfuss et al., 2008 ). There are many 
similarities between the genes that regulate dorsal closure and engulfment of the germline 
during mid-oogenesis. Therefore it would be interesting to test other genes required for 
dorsal closure to identify novel regulators of engulfment during mid-oogenesis.  
 In C. elegans, the CED-2, 5, 12 pathway acts in parallel to the CED-1, 6, 7 
pathway to promote engulfment. Initial experiments revealed that Ced-12 and the DOCK 
family gene sponge, were required in the follicle cells for engulfment of the germline 
during mid-oogenesis. During mid-oogenesis, whether Ced-12 acts in parallel to draper 
as it does in C. elegans is unknown. Furthermore, how the Ced-2, 5, 12 pathway becomes 
activated in flies is not known, but one candidate is the integrins. In addition to activating 
Rac1, Ced-12 may be important for the activation of the JNK pathway. However, 
whether Ced-12 directly activates JNK or indirectly activates JNK via Rac1 remains 
unknown. Therefore, the exact role of the Ced-2, 5, 12 pathway in the follicle cells during 
engulfment in mid-oogenesis remains to be determined.  
 During starvation induced PCD during mid-oogenesis the follicle cells disappear 
via an unknown mechanism after they have completed engulfment. In engulfment 
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mutants, the follicle cells die prematurely and linger in late dying egg chambers. It is 
possible that follicle cells are programmed to die following engulfment of the germline 
and that this program is activated prematurely when engulfment is not completed. Other 
explanations for premature follicle cell death include a metabolic requirement for 
germline material or “death by confusion”. We found that blocking apoptosis in the 
follicle cells of engulfment mutants does not prevent their death, suggesting they are 
dying via an alternative mechanism. One possibility is that the already phagocytic follicle 
cells engulf each other. This idea is supported by the accumulation of pyknotic follicle 
cell nuclei in egg chambers where the follicle cells are defective in engulfment. Overall, 
further investigations are necessary to determine how and why the follicle cells die under 
normal and engulfment defective conditions. 
 Another intriguing question regarding engulfment in mid-oogenesis, is whether 
the follicle cells non-autonomously contribute to nurse cell death. Indeed, apoptotic nurse 
cell death during mid-oogenesis is primarily regulated by caspases such as Dcp-1. 
However, we observed that there were defects in fragmentation of the nurse cell nuclei in 
many engulfment mutants. Large nurse cell nuclear remnants were frequently apparent in 
egg chambers with engulfment defective follicle cells. It would be interesting to perform 
TUNEL staining in order to determine whether DNA fragmentation is indeed reduced in 
engulfment mutants. Similarly, it was reported that egg chambers with nurse cells that are 
mutant for the autophagy genes Atg1 and Atg7, have reduced DNA fragmentation (Hou et 
al., 2008; Nezis et al., 2009). Therefore, engulfment machinery may cooperate with 
autophagy machinery to promote DNA fragmentation of the nurse cells. Furthermore, we 
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found that overexpression of draper or hepCA in the follicle cells induced death and 
engulfment of the nurse cells in the absence of starvation, demonstrating that follicle cells 
are capable of promoting nurse cell death without a death signal. Similarly, follicle cells 
can be induced to invade and destroy the germline in response to rapamycin treatment 
(Thomson and Johnson, 2010). In another example, the somatic sheath cells of the C. 
elegans gonad promote apoptotic death of the germ cells in conjunction with autonomous 
cell death mechanisms (Li et al., 2012). Therefore, it will be interesting to investigate 
whether the phagocytic follicle cells promote the starvation induced PCD of the nurse 
cells during mid-oogenesis.  	  
5.2 Summary of findings: Phagocytosis genes non-autonomously promote 
developmental programmed cell death of the nurse cells during late oogenesis. 
 In the Drosophila ovary, programmed cell death (PCD) occurs as a normal part of 
development. For each egg that is formed, fifteen germline derived nurse cells, which 
provide nutrients, mRNA’s, proteins, and organelles for the developing oocyte, transfer 
their contents into the oocyte and undergo PCD. Interestingly, disruption of apoptosis or 
autophagy only partially inhibits PCD of the nurse cells (Peterson and McCall, 2013), 
indicating that other mechanisms contribute to the process. Here, we demonstrate that the 
stretch follicle cells extend around the nurse cells and non-autonomously contribute to 
their death during late oogenesis.  
 We found that disruption of engulfment genes draper and ced-12, or the JNK 
signaling pathway in the stretch follicle cells leads to a persistence of nurse cell nuclei in 
stage 14 egg chambers, indicating that these genes are required for the elimination of the 
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nurse cells. Double mutant analysis revealed that JNK and draper act in the same 
pathway and that draper and Ced-12 act in parallel pathways (Figure 5.2). Genes that 
may be involved in corpse processing, including Rab5, Rab7, and deep orange are also 
required specifically in the follicle cells for the elimination of the nurse cells. We also 
demonstrate that when phagocytosis genes are inhibited in the follicle cells, events 
associated with the death of the nurse cells are impaired. During late oogenesis, the 
stretch follicle cells surround the nurse cells and LysoTracker staining reveals that 
lysosomal clusters surround the nurse cells and then the entire nurse cell becomes 
acidified (Bass et al., 2009). We found that the acidification of the nurse cells is delayed 
when draper and/or Ced-12 is knocked down specifically in the follicle cells. Similarly, 
TUNEL staining revealed that DNA fragmentation is disrupted in draper mutants, 
indicating that engulfment machinery is crucial for the death of the nurse cells. 
Developmental PCD of the nurse cells in the Drosophila ovary is a unique example of 
non-cell autonomous developmental PCD that provides a greater understanding of the 
careful coordination between death and clearance, as well as forms of PCD that are non-
apoptotic. 	  
5.2.1 Open questions and future directions 
 During developmental PCD of the nurse cells in late oogenesis, we demonstrate 
that the surrounding follicle cells non-cell-autonomously promote nurse cell death. 
However, there are many open questions remaining. 
 One open question is: what is the developmental signal for nurse cell death during 
late oogenesis? During stage 11 of oogenesis, the nurse cells rapidly dump their 
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cytoplasm into the oocyte. One possibility is that cytoplasmic dumping is the signal for 
nurse cell death.  However, the nurse cell nuclei become permeable prior to the onset of 
dumping (Cooley et al., 1992). Furthermore, DNA fragmentation of the nurse cells has 
been shown to occur independently of dumping, suggesting that dumping is not the signal 
for developmental PCD of the nurse cells (Foley and Cooley, 1998; Buszczak and 
Cooley, 2000 ). It is also possible that the developmental signal for PCD during late 
oogenesis originates from somewhere outside the ovary. Therefore the signals that initiate 
both nurse cell dumping and death remain unknown.  
 It is also likely that nurse cells signal to the follicle cells once they have begun the 
death process. Beginning in stage 9 of oogenesis, phosphatidylserine (PS) flips to the 
outer leaflet of the nurse cell plasma (McCall et al., 2004). Therefore it is plausible that 
PS exposure is the signal for the follicle cells to begin stretching around the nurse cells in 
stage 10. As previously mentioned, PS has been demonstrated to act as a ligand for 
Draper in some Drosophila models of engulfment, but whether PS is the ligand for 
Draper during oogenesis is unknown. Further investigations are necessary to define the 
signaling between nurse cells and follicle cells during developmental PCD. 
 During late oogenesis, the nurse cell nuclei become entirely acidified and small 
clusters of lysosomes are apparent in the stretch follicle cell membranes (Figure 4.18). 
However, the role of the lysosomes during developmental PCD is unclear. One 
possibility is that the stretch follicle cells exocytose lysosomes to acidify and degrade the 
nurse cells. Lysosomal exocytosis has been observed in T-cells in order to destroy 
pathogens (Peters et al., 1991; Samie and Xu, 2014). In order to address this possibility, 
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we plan to screen through genes involved in lysosomal exocytosis. Another possibility is 
that the stretch follicle cells surround the nurse cells, forming a giant phagocytic cup that 
acidifies and degrades the nurse cell corpse. In mammalian cells with defects in DNA 
fragmentation, lysosomal enzymes in the engulfing cell were shown to promote DNA 
fragmentation (McIlroy et al., 2000). In our model the nurse cells are wild-type, but 
phagocytosis genes are required for both acidification and DNA fragmentation of the 
nurse cells. Perhaps lysosomal enzymes promote DNA fragmentation in our model of 
non-autonomous PCD. The lysosomal puncta that we observe could be lysosomes 
trafficked to the plasma membrane to support its rapid growth (Samie et al., 2013). 
Future work will also define how lysosomal genes such as dor, Rab5, Rab7, and Rab35 
interact with phagocytic machinery to promote development nurse cell death.  
 Given that nurse cell corpses are much larger than the stretch follicle cells, one 
logistical question is how they accomplish the task of nurse cell removal. Approximately 
50 stretch follicle cells participate in the removal of 15 nurse cells, therefore it is likely 
that multiple follicle cells cooperate to remove the nurse cells. The follicle cells may fuse 
together to promote nurse cell removal. Interestingly, many phagocytosis genes overlap 
with genes involved in myoblast fusion (Hochreiter-Hufford et al., 2013). Future work in 
our lab will utilize the Flybow technique to individually label the follicle cells and 
observe whether they cooperate to promote nurse cell removal and/or fuse together. 
 Disruption of phagocytosis machinery in the follicle cells caused severe defects in 
developmental PCD of the nurse cells during late oogenesis. The double knockdown of 
draper and Ced-12 resulted in egg chambers with an average of 10.8 persisting nuclei, 
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suggesting that at least 4 nurse cells died normally. Therefore, there are likely unknown 
effectors of nurse cell death that act either autonomously or non-autonomously. For 
example, apoptosis and autophagy may provide a minor autonomous contribution to 
nurse cell death. Another gene known to act autonomously is the lysosomal trafficking 
gene, spinster. How these genes that act autonomously during developmental PCD 
cooperate with the phagocytosis machinery of the follicle cells is not known. 
Furthermore, there may be a role for programmed necrosis during the developmental 
PCD of the nurse cells. Therefore, identifying the unknown regulators of developmental 
PCD death and investigating how autonomous and non-autonomous mechanisms 
cooperate to promote cell death are questions that must be addressed.   
 One of the most exciting findings of this work is that defects in developmental 
PCD of the nurse cells during late oogenesis correlates with reduced fecundity. One 
possible explanation is that the accumulation of nurse cell corpses blocks the entrance of 
mature eggs to the oviduct. Another possibility is that there could be feedback signaling 
to the germarium to slow down the rate of egg production. Therefore, it will be 
interesting to analyze the germaria for changes in cell death or cell division in the 
germline stem cells. Given that there are many similarities between the Drosophila and 
mammalian ovary, our findings in the Drosophila ovary may serve as a starting point for 
investigating whether somatic cells in the mammalian ovary play a role in oocyte death 
and human fertility.   	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5.3 Concluding remarks 
 Prior to beginning this research, the genetic mechanisms that govern engulfment 
by non-professional phagocytes were not well characterized. We used the Drosophila 
ovary as a model to investigate engulfment by epithelial cells and identified a novel role 
for the JNK pathway during the phagocytosis of cell corpses. We also investigated the 
mechanisms of non-apoptotic developmental programmed cell death during late 
oogenesis. We found that phagocytosis machinery and the JNK pathway in surrounding 
follicle cells non-cell autonomously promote developmental programmed cell death. To 
our knowledge, this is the first example of developmental programmed cell death that is 
both non-apoptotic and non-cell autonomously controlled. Overall, the work outlined in 
this dissertation provides insight on non-professional phagocytosis and how it can 
promote programmed cell death during development.   
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Figure 5.1 Model of non-professional engulfment during starvation induced PCD in 
mid-oogenesis 
 
Draper recognizes an unknown signal from the dying nurse cells and activates 
downstream signaling including Rac1 and the JNK pathway. Rac1 promotes cytoskeletal 
arrangements to internalize the nurse cell corpses and may activate JNK. The activation 
of the JNK pathway leads to the transcription of target genes that further promote 
engulfment including draper. Draper continues to localize to the plasma membrane of the 
follicle cells throughout the engulfment process. Ced-12 and Sponge likely act in a 
parallel pathway to activate Rac1 and promote engulfment, but it is unknown how they 
are activated. The caspase Dcp-1 is required for engulfment, but not for activation of 
Draper or JNK signaling. Modified from (Jenkins et al., 2013)  
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Figure 5.2 Model of developmental programmed cell death of the nurse cells during 
late oogenesis 
 
The stretch follicle cells surround the nurse cells during late oogenesis and non-
autonomously promote their death. Draper recognizes an unidentified signal from the 
nurse cell (possibly PS), leading to the downstream activation of Rac1 and cytoskeletal 
rearrangements. Ced-12 also activates Rac-1, which leads to the activation of the JNK 
pathway. The JNK pathway feeds forward to induce more Draper. Lysosomes are on the 
membrane of the stretch follicle cells, although their exact role is unknown. Lysosomal 
processing genes, dor, Rab5, and Rab7 are also required in the follicle cells for nurse cell 
removal. Non-autonomous mechanisms play a major role in promoting nurse cell death, 
but nurse cells also utilize autonomous cell death mechanisms.   
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APPENDIX A 
Fecundity analyses 
 When developmental PCD during late oogenesis is disrupted, there is an 
accumulation of nurse cell corpses in the ovary. Interestingly, we found that when draper 
and Ced-12 are knocked down in the stretch follicle cells, females have reduced fecundity 
(Figure 4.14). However, we performed several experiments to analyze whether failure in 
developmental PCD affects reproductive ability, including egg laying, egg hatching, and 
number of progeny, all of which are summarized here.  
 The first fecundity experiments performed by undergraduate Claire Schenkel, 
analyzed egg laying and hatching in the stretch follicle cell specific knockdown of draper 
(PG150-GAL4 >draperRNAi vs. PG150-GAL4 >UAS-lacZ). Several experiments were 
performed to determine the best method to assay fecundity and to address variables such 
as age of the females. We found that when draper was knocked down specifically in the 
stretch follicle cells (PG150-GAL4 >draperRNAi), females laid 75% fewer eggs than the 
control (PG150-GAL4 >UAS-lacZ). Furthermore, eggs laid by females with draper 
knocked down in the stretch follicle cells had serious defects in hatching. Approximately 
65% of control eggs hatched within 24 hours, compared to only ~25% eggs laid by 
draper knockdowns (See Claire Schenkel Honors Thesis). Therefore, the knockdown of 
draper in the stretch follicle cells resulted in a serious reduction in fecundity and egg 
hatching.  
 Given that the double knockdown of draper and Ced-12 caused a severe failure to 
developmental PCD during late oogenesis (Figure 4.12), we investigated whether the 
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accumulation of nurse cell corpses in these ovaries affected reproductive success. Claire 
quantified the number of pupae/female/day throughout the lifetime of females and found 
that draper Ced-12 and Ced-12 knockdowns were completely sterile (Figure A.1). Upon 
further investigation, we found that Ced-12 is required for the migration of the border 
cells, explaining their sterility (Figure 4.15).  
 To avoid defects in border cell migration during fecundity analyses, we used the 
PG150-GAL4 driver to knockdown draper and Ced-12 knockdown specifically in the 
stretch follicle cells. Undergraduate Katherine Moynihan quantified egg laying and 
hatching in older females (20-25 days old) with draper and Ced-12 knocked down 
specifically in the stretch follicle cells. Females had reduced egg laying during the first 
24 hours in the grape juice agar vials (Figures A.2), so we excluded these data from our 
analyses. We found that egg laying was significantly reduced in the draper Ced-12 
double knockdown and Ced-12 single knockdown, compared to the control (Figure 
A.3A). Furthermore, egg hatching was reduced in the draper Ced-12 knockdown 
compared to the control (Figure A.3B).  
 The final fecundity analyses were carried out by undergraduate/research 
technician, Jeffrey Taylor. Again, we examined egg laying and hatching in 20-25 day old 
females with draper and/or Ced-12 knocked down specifically in the stretch follicle cells. 
In addition to the luciferaseRNAi control, we included a sibling control with balancers since 
the genotypes of the draper and Ced-12 single knockdowns included balancers. Once 
again, we found that egg laying was reduced in the draper Ced-12 double knockdown, as 
well as in the draper and Ced-12 single knockdowns compared to the luciferaseRNAi 
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control. However, we also found that the balancer sibling control had reduced egg laying 
that was not significantly different from the experimental groups with balancers (draper 
and Ced-12 single knockdowns). Therefore, we could not conclude that egg laying is 
reduced due to knockdown of draper or Ced-12, rather it may be due to adverse effects of 
the balancers. The draper Ced-12 double knockdown does not have any balancers, so we 
concluded that egg laying is indeed defective in those females (Figure 4.14). We 
confirmed that females used in the fecundity analysis contained egg chambers with 
persisting nurse cell nuclei (Figure A.5).  
 In contrast to the hatching data presented in Figure A.3B, we did not find any 
significant differences in egg hatching compared to the controls (Figure A.4B). There is a 
natural variation in fecundity between females that is affected by both environmental and 
genetic factors. Interestingly, there are increasing numbers of single nucleotide 
polymorphisms (SNPs) in aging females that affect fecundity and increase variation 
between females (Durham et al., 2014). Therefore, it is not unusual that we observe 
variability between experiments.  
 Furthermore, hatching analyses are potentially complicated by the genotype of the 
embryo. To determine whether the PG150-GAL4 driver is expressed during 
embryogenesis, we expressed a fluorescent membrane protein (UAS-CD4-tomato) under 
the control of the PG150-GAL4 driver. We found that PG150-GAL4 does indeed drive 
expression during embryogenesis, likely in the gut and salivary gland and could 
potentially affect hatching. We examined the morphology of embryos that failed to hatch 
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and found that unhatched embryos appeared fertilized, but likely failed during 
gastrulation or germband extension (Figure A.6).  
 Overall, we performed several experiments to investigate whether a failure in 
developmental PCD of the nurse cells affects fecundity. Although we observed variability 
between experiments, we noticed general trends of reduced egg laying and hatching when 
phagocytosis genes were inhibited. Based on our final experiments that included 
appropriate controls, we were unable to draw any conclusions regarding egg hatching. 
However, we can conclude that draper Ced-12 double knockdowns have significant 
defects in egg laying that could translate to a serious reduction in reproductive success 
throughout the lifetime of a female.   
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Figure A.1 Ced-12 and draper Ced-12 knockdowns are sterile 
 
Ced-12 single knockdown (UAS-GAL4/CyO; GR1-GAL4 G89/ UAS-Ced-12 RNAi) and 
draper Ced-12 double knockdowns (UAS-GAL4/UAS-draperRNAi; GR1-GAL4 G89/ UAS-
Ced-12 RNAi) do not produce any progeny. The control (UAS-GAL4/UAS-draperRNAi; 
TM6B/ UAS-Ced-12 RNAi) and draper single knockdown (UAS-GAL4/UAS-draperRNAi; 
GR1-GAL4 G89/ MKRS) produce similar numbers of progeny. These data represent 
progeny produced over the entire lifetime of the females tested. n= number of females. 
Data presented are average pupae/female/day ± SEM. p-values were determined using a 
two-tailed t-test and indicate significance compared to the control. ****p<0.0001. 
 
Credit: Claire Schenkel 
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Figure A.2 Egg laying is reduced during first 24 hours of analysis 
 
 
Egg laying and hatching were analyzed with respect to age. (A) draper Ced-12 double 
knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS- Ced-12 RNAi/+) and 
Ced-12 single knockdowns (PG150-GAL4/+; UAS-GAL4/Sco; UAS- Ced-12 RNAi/+)  
have reduced egg laying compared to the control (PG150-GAL4/+; UAS-GAL4/+; UAS-
luciferaseRNAi/+).Egg laying is generally reduced on the first day of analysis. Therefore, 
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we excluded day 21 from our analyses. (B) draper Ced-12 double knockdowns (PG150-
GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS- Ced-12 RNAi/+) have reduced egg hatching 
compared to the control (PG150-GAL4/+; UAS-GAL4/+; UAS-luciferaseRNAi/+). 
 
Credit: Katherine Moynihan 	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Figure A.3 Egg laying and hatching is reduced in draper Ced-12 double knockdowns 
 
(A) draper Ced-12 double knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; 
UAS- Ced-12 RNAi/+) and Ced-12 single knockdowns (PG150-GAL4/+; UAS-GAL4/Sco; 
UAS- Ced-12 RNAi/+)  have reduced egg laying compared to the control (PG150-GAL4/+; 
UAS-GAL4/+; UAS-luciferaseRNAi/+). n= number of females. Data presented are # of 
eggs laid/female/day ± SEM. **** p≤0.0001. (B) draper Ced-12 double knockdowns 
(PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS- Ced-12 RNAi/+) have reduced egg 
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hatching compared to the control (PG150-GAL4/+; UAS-GAL4/+; UAS-
luciferaseRNAi/+). The percentage of eggs hatched for each set of flies was averaged. Data 
presented are average % hatched ± SEM. p-values were determined using a two-tailed t-
test and indicate significance compared to the control. *p≤0.05. 
 
Credit: Katherine Moynihan 
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Figure A.4 Egg laying is reduced in draper Ced-12 double knockdowns and balancer 
control 
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 (A) draper Ced-12 double knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; 
UAS- Ced-12 RNAi/+) have reduced egg laying compared to the control (PG150-GAL4/+; 
UAS-GAL4/+; UAS-luciferaseRNAi/+). However, draper single knockdowns (PG150-
GAL4/+; UAS-GAL4/UAS-draperRNAi; +/MKRS) and Ced-12 single knockdowns 
(PG150-GAL4/+; UAS-GAL4/Sco; UAS- Ced-12 RNAi/+) are not significantly different 
from the balancer control (PG150-GAL4/+; UAS-GAL4/Sco; +/MKRS). n= number of 
females. Data presented are # of eggs laid/female/day  ± SEM **p≤0.01. 
(B) In draper Ced-12 double knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-
draperRNAi; UAS- Ced-12 RNAi/+), a similar percentage of eggs hatched compared to the 
control (PG150-GAL4/+; UAS-GAL4/+; UAS-luciferaseRNAi/+). draper single 
knockdowns (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; +/MKRS) and Ced-12 single 
knockdowns (PG150-GAL4/+; UAS-GAL4/Sco; UAS- Ced-12 RNAi/+) are not 
significantly different from the balancer control (PG150-GAL4/+; UAS-GAL4/Sco; 
+/MKRS) in regard to hatching. The percentage of eggs hatched for each set of flies was 
averaged. Data presented are average % hatched ± SEM. p-values were determined using 
a two-tailed t-test and indicate significance compared to the control. **p≤0.01. 
 
Credit: Jeffrey Taylor 
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Figure A.5 Quantification of persisting nurse cell nuclei in females used for egg 
laying and hatching analyses  
 
The number of persisting nurse cell nuclei were quantified in the females used for egg 
laying and hatching analyses presented in Figure A.4. (A) draper Ced-12 knockdown 
(PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS-Ced-12 RNAi/+) has a more severe 
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persisting nuclei phenotype than the control (PG150-GAL4/+UAS-GAL4/+; UAS-
luciferaseRNAi / +). draper single knockdown (PG150-GAL4/+; UAS-GAL4/UAS-
draperRNAi; +/MKRS)  has persisting nurse cell nuclei compared to the balancer control 
(PG150-GAL4/+; UAS-GAL4/Sco; +/MKRS). The knockdown of Ced-12 (PG150-
GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS- Ced-12 RNAi/+) does not have persisting 
nurse cell nuclei. Data presented are mean ± SEM. p-values were determined using a 
two-tailed t-test and indicate significance compared to the control. ****p≤0.0001. (B) 
Alternative quantification of data presented in (A). The number of persisting nuclei (PN) 
per stage 14 egg chamber were categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 
10-12 PN, and 13-15 PN and the percentage of stage 14 egg chambers in each bin was 
calculated.  
 
Credit: Jeffrey Taylor 
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Figure A.6 Unhatched embryos fail to develop past gastrulation or germ band 
extension 
 
 
Embryos that failed to hatch were collected from egg laying plates and stained with DAPI 
(blue). (A) w1118 technical control for proper DAPI staining develops normally. (B-F) 
Embryos that failed to hatch appear fertilized, but likely did not progress past gastrulation 
or germ band extension. (B) luciferaseRNAi control (PG150-GAL4/+UAS-GAL4/+; UAS-
luciferaseRNAi / +). (C) Balancer control (PG150-GAL4/+; UAS-GAL4/Sco; +/MKRS). 
(D) draper knockdown (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; +/MKRS). (E). 
Ced-12 knockdown (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; UAS- Ced-12 RNAi/+). 
(F) draper Ced-12 double knockdown (PG150-GAL4/+; UAS-GAL4/UAS-draperRNAi; 
UAS-Ced-12 RNAi/+).  
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APPENDIX B  
Evidence for necrosis during developmental  
programmed cell death of the nurse cells (Portions	  of	  this	  appendix	  were	  previously	  published	  in	  	  
Timmons	  et	  al.	  2013	  and	  Jenkins	  et	  al.	  2013)	  
	  
	  
 Necrosis is a form of cell death characterized by cytoplasmic and organelle 
swelling, compromised membrane integrity, intracellular acidification, and increased 
levels of reactive oxygen species (ROS) (Golstein and Kroemer, 2007; Kroemer et al., 
2009; McCall, 2010). During late oogenesis, the nurse cells, which support the 
developing oocyte, undergo developmental programmed cell death after they dump their 
cytoplasm into the oocyte. However, developmental nurse cell death occurs 
independently of apoptotic or autophagic cell death (Peterson and McCall, 2013). 
Therefore, one possibility is that necrosis contributes to the death of the nurse cells 
during late oogenesis. Here, we describe evidence suggesting that necrosis may be 
playing an important role during developmental programmed cell death of the nurse cells. 
 One of the major morphological features of necrosis is rupture of the plasma 
membrane. Propidium iodide is a red fluorescent molecule that permeates cells with 
compromised plasma membrane integrity (Darzynkiewicz et al., 1992). Therefore, 
propidium iodide is excluded from viable and early apoptotic cells that have intact 
plasma membranes, but permeates late apoptotic or necrotic cells. Once propidium iodide 
enters a dying cell through its compromised plasma membrane, it permeates the disrupted 
nuclear membrane and intercalates the DNA resulting in a cell with a red fluorescent 
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nucleus (Vermes et al., 2000; Rieger et al., 2010). Importantly, propidium iodide alone 
cannot be used to distinguish late apoptotic cells from necrotic cells, nor can it 
distinguish primary necrosis from secondary necrosis (Rieger et al., 2010; Sawai and 
Domae, 2011). 
 To determine whether dying nurse cells have increased plasma membrane 
permeability, we examined propidium iodide staining in wild-type (w1118) and draper∆5 
egg chambers. We found that 40% of wild-type stage 12-13 egg chambers were 
propidium iodide positive in the nurse cell nuclei, indicating that the plasma membrane 
became permeable during developmental PCD (Figure B.1A, D). However, in draper∆5 
late stage egg chambers, nurse cells became propidium iodide positive in stages 13-14, 
suggesting that there is a delay in plasma membrane permeability (Figure B.1C-D). 
Propidium iodide did not permeate egg chambers in earlier stages of oogenesis, 
suggesting that increased plasma membrane permeability is specific to late stages and not 
an artifact of damage during the dissection. Together, these data suggest that plasma 
membrane permeability is a developmental controlled event during nurse cell death. 
Furthermore, propidium iodide staining in the nurse cells supports the possibility that 
necrosis could be occurring during developmental PCD. Given that the persisting nurse 
cell nuclei in draper∆5 mutants are frequently propidium iodide positive, another 
possibility is that they have become secondarily necrotic. We also found that some dying 
mid-stage egg chambers are propidium iodide positive in both wild-type (Figure B.1B) 
and draper∆5 mutants (Figure B.1C). Further investigations are necessary to determine the 
role of necrosis in PCD during Drosphila oogenesis. 
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 To further investigate the dynamics of the nurse cell membrane during 
developmental PCD of the nurse cells, we examined flies that express the membrane 
specific moesin-RFP (provided by Clark Coffman) specifically in the germline. We found 
that the nurse cell membrane was still intact in stage 11 egg chambers prior to 
cytoplasmic dumping (Figure B.2A-A’’). These data are supported by the fact that wild-
type stage 11 egg chambers exclude propidium iodide (Figure B.1D), suggesting that 
their plasma membranes are still intact. In stages 12-13 the nurse cell membranes were 
not clearly surrounding the nurse cells. Remnants of the nurse cell membrane were still 
apparent in stage 13 egg chambers, as well as structures that resembled ring canals 
(Figure B.2B-B’). Further investigations are necessary to understand the dynamics of the 
nurse cell membrane during developmental PCD.  
 The progression of LysoTracker staining to include entire nurse cell remnants 
during late oogenesis elicits the intriguing possibilities that nurse cell death occurs via 
programmed necrosis (Figure 4.18) (Bass et al., 2009). Although LysoTracker is often 
used as a marker for autophagic cell death, it can also be indicative of acidification that 
occurs during necrosis or during corpse processing following phagocytosis (Klionsky et 
al., 2008). Additionally, calcium is redistributed from the NC nuclei to the nurse cell 
cytoplasm following nuclear membrane permeabilization (Matova et al., 1999). Calcium 
release is known to occur during necrosis (Golstein and Kroemer, 2007). Together, these 
observations raise the possibility that necrosis could contribute to the developmental PCD 
of the nurse cells.   
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 Another characteristic of necrosis is elevated ROS levels. ROS are highly reactive 
molecules that are a normal byproduct of many biological processes including aerobic 
respiration (Halliwell, 1991). The major source of ROS in the cell are mitochondria 
(Festjens et al., 2006). To counteract ROS production, antioxidant enzymes such as 
superoxide dismutase (Sod) and catalase eliminate ROS from the cell. Oxidative stress 
occurs when there is an imbalance between ROS production and degradation, leading to 
high levels of ROS in the cell. When ROS levels are too high, biomolecules including 
proteins, lipids, and DNA can be damaged (Festjens et al., 2006; Covarrubias et al., 
2008). Since increased ROS levels are a characteristic of necrotic cell death, methods 
used to detect ROS may aid in identifying cells undergoing necrosis.  
 To determine whether ROS are present during Drosophila oogenesis, we stained 
egg chambers with the ROS indicator, H2DCFDA. Intracellular oxidation of H2DCFDA 
to the fluorochrome DCF fluoresces green and reflects the presence of ROS in a cell 
(Karlsson et al., 2010). We often found that late stage egg chambers contained 
H2DCFDA staining in the nurse cell nuclei, as well as the oocyte (Figure B.3). While 
further investigation and quantification is necessary to determine the role of ROS in the 
developmental PCD of the nurse cells, these data suggest that ROS are increased in the 
dying nurse cell nuclei, further supporting the hypothesis that necrosis contributes to 
nurse cell death.	  	  
 To further investigate the role of ROS in developmental PCD of the nurse cells, 
we examined mutants with altered ROS levels. Loss-of-function mutations in the ROS 
scavenger gene Sod are expected to have elevated ROS levels, and have been 
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demonstrated to have sensitivity to oxidative stress and a reduced life span (Campbell et 
al., 1986; Phillips et al., 1989; Phillips et al., 1995). In contrast, loss-of-function 
mutations in the gene I’m not dead yet (Indy) cause reduced ROS levels and increased 
lifespan (Neretti et al., 2009). We hypothesized that if ROS promote PCD, then Indy 
mutants would have reduced PCD and Sod mutants would have enhanced PCD. 
 In contrast to our hypothesis, we found that Indy mutants had no phenotype, but 
Sod null ovaries had significant defects in developmental PCD of the nurse cells (Figure 
B.4). Persisting nurse cell nuclei phenotype were found in both Sodn1 heterozygotes and 
homozygotes (Figure B.4D, Table B.1). In the Sodn1 homozygotes, 24% of stage 14 egg 
chambers had greater than 10 persisting nurse cell nuclei, indicating that loss of Sod leads 
to a significant failure in nurse cell removal. We also analyzed several other alleles of 
Sod and Sod2, summarized in Table B.1.    
 To determine which cell type requires Sod for nurse cell removal, we knocked 
down Sod or Sod2 specifically in the follicle cells using RNAi. We found that the 
knockdown of Sod or Sod2 resulted in egg chambers with weak persisting nuclei 
phenotypes (Table B.2), suggesting that Sod is not required in the follicle cells for nurse 
cell removal or that the RNAi knockdown was ineffective. We plan to generate Sodn1 
germline clones to clarify the requirement for Sod. Given that increased ROS typically 
promote cell death, it remains unclear why egg chambers with elevated ROS levels have 
reduced nurse cell death. However, a possible explanation is that increased ROS levels in 
Sodn1 mutants make the surrounding follicle cells sick, rendering them unable to 
participate in nurse cell death and/or removal.  
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  In Chapter 4, we demonstrated that follicle cells non-autonomously promote 
developmental programmed cell death of the nurse cells. However, there are likely other 
mechanisms that also contribute to the death process. Intracellular acidification, elevated 
ROS levels, and compromised membrane integrity are all characteristics of necrosis that 
are evident during developmental nurse cell death. If necrosis is truly a mechanism that 
contributes to nurse cell death, it would be the first example of developmental necrosis in 
Drosophila. Further investigations are necessary to confirm and elucidate the role of 
necrosis during developmental PCD in the Drosophila ovary.  
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Figure B.1 Propidium iodide staining 
	  
 
Live egg chambers stained with propidium iodide (PI, red). (A) Propidium iodide is 
apparent in the nurse cell nuclei of wild-type (w1118) stage 12-13 egg chambers (arrows). 
(B) Propidium iodide permeated a dying wild-type (w1118) egg chamber (arrowhead). (C) 
Propidium iodide is apparent in the persisting nurse cell nuclei of draper∆5 stage 14 egg 
chambers (arrow). It also permeates some dying mid-stage egg chambers (arrowheads). 
(D) The percentage of egg chambers in late oogenesis with propidium iodide positive 
cells. For control egg chambers (w1118): stage 11 (n=4), stage 12 (n=12), stage 13 (n= 7), 
stage 14 (n=37). For draper∆5: stage 11 (n=8), stage 12 (n=20), stage 13 (n= 26), stage 14 
(n=89). 	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Figure B.2 Nurse cell membrane dynamics during developmental PCD 
	  
 
Egg chambers express UAS-mCD8-GFP in all follicle cells (green), UAS-moesin-RFP in 
the nurse cells (red), and are stained with DAPI (cyan). (A-A’’) Nurse cell membranes 
are still intact in stage 11 egg chamber, and sometimes overlaps with the follicle cell 
membrane. (B-B’) Projection images (13 slices) of stage 13 egg chamber shows that 
remnants of the nurse cell membrane are still apparent, as well as small circular structures 
that resemble ring canals (arrows).  	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Figure B.3 ROS are present in nurse cell nuclei during late oogenesis 
 
 
Live egg chambers were stained with ROS indicator, H2DCDA (green). (A-A’) Wild-
type (w1118) stage 12 egg chamber has H2DCDA present in nurse cell nuclei (arrow). (B-
B’) H2DCDA staining localized to nurse cell nucleus in wild-type (w1118) stage 13 egg 
chamber. 	    
A B
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H2DCFDA H2DCFDA
w1118 w1118
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Figure B.4 Sod mutants have defective nurse cell removal during late oogenesis 
 
Stage 14 egg chambers stained with DAPI (cyan). (A) Wild-type (w1118) stage 14 egg 
chamber. (B) Sod mutant (Sodn1/Sodn1) has defects in nurse cell removal (arrow). (C) 
Quantification of persisting nurse cell nuclei in stage 14 egg chambers. Data presented 
are mean ± SEM. p-values were determined using a two-tailed t-test and indicate 
significance compared to the control. ****p≤0.0001 (D) Alternative quantification of 
data presented in (C). The number of persisting nuclei (PN) per stage 14 egg chamber 
was categorized into bins of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and 
the percentage of stage 14 egg chambers in each bin was calculated.  
 
Credit: Katherine Moynihan  
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Table B.1 Persisting nurse cell nuclei in Sod and Sod2 mutants 
The number of persisting nuclei (PN) per stage 14 egg chamber was categorized into bins 
of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 
egg chambers in each bin was calculated. n= number of stage 14 egg chambers. 
 
Gene Genotype 0 PN 1-3 PN 4-6 PN 7-9 PN 10-12 
PN 
13-15 
PN 
n 
Sod Sodn1 red1/ Sodn1 red1 2.2 4.4 30.4 39.1 23.9 0.0 46 
Sod Sodn1 red1/TM3, Sb1 Ser1	   31.5 47.8 16.2 4.5 0.0 0.0 111 
Sod SodX-39 e1/TM3, Sb1 Ser1	   88.1 11.9 0.0 0.0 0.0 0.0 126 
Sod2 y1 w*; Sod2Δ2/CyO	   10.4 60.4 25.0 4.2 0.0 0.0 48 
Sod2 y1 w*; Sod2Δ12/CyO	   71.4 24.3 4.3 0.0 0.0 0.0 70 
 
Credit: Katherine Moynihan 	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Table B.2 Persisting nurse cell nuclei in Sod and Sod2 RNAi knockdowns 
The number of persisting nuclei (PN) per stage 14 egg chamber was categorized into bins 
of 0 PN, 1-3 PN, 4-6 PN, 7-9 PN, 10-12 PN, and 13-15 PN and the percentage of stage 14 
egg chambers in each bin was calculated. n= number of stage 14 egg chambers.  
Gene Genotype GAL4 
Driver 
0 PN 1-3 PN 4-6 PN 7-9 PN 10-12 
PN 
13-15 
PN 
n 
Sod 
y1 sc* v1; 
P{TRiP.HMS00698}attP2/TM3, Sb1 GR1 91.8 8.2 0.0 0.0 0.0 0.0 329 
Sod 
y1 sc* v1; 
P{TRiP.HMS00698}attP2/TM3, Sb1 PG150 73.7 26.3 0.0 0.0 0.0 0.0 57 
Sod 
y1 sc* v1; 
P{TRiP.HMS00698}attP2/TM3, Sb1 C323a 47.6 50 2.4 0.0 0.0 0.0 42 
Sod2 y1 v1; P{TRiP.JF01989}attP2 GR1 70.1 29.9 0.0 0.0 0.0 0.0 204 
Sod2 y1 v1; P{TRiP.JF01989}attP2 PG150 70.9 27.3 1.8 0.0 0.0 0.0 110 
Sod2 y1 v1; P{TRiP.JF01989}attP2 C323a 64.3 32.9 2.3 0.4 0.0 0.0 258 
Sod2 y1 sc* v1; P{TRiP.HMS00499}attP2 GR1 95.6 4.4 0.0 0.0 0.0 0.0 635 
 
Credit: Katherine Moynihan 	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